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Abstract
A driving goal of the research community in recent years has been to develop various 
methodologies of producing novel materials as uniform films with high transparency T 
coupled with high conductivity o. Most transparent electrodes are made from indium- 
doped tin oxides (ITO). This is due to the materials having high electrical conductivity Rs 
-< 100 fl/sq and transparency, T = 90%. However, using ITO involves several drawbacks. 
Primarily, it is brittle and expensive. In recent years, many candidates have been proposed 
as potential substitutes for ITO such as, nanotubes, nanowires, graphene and hybrids of 
these materials. The use of the Langmuir technique has already been shown to allow the 
user to produce high quality films by being able to manipulate various factors i.e. the 
surface pressure of the subphase and number of isotherm cycling. Here we use a modi­
fied method to produce graphene, hybrid of graphene/silver nanowires and single-walled 
carbon nanotubes based thin films in order to compete with ITO and viable alternative.
Single or few layer graphene can be considered an exciting pseudo-two-dimensional 
molecular material that potentially has a wide range of applications. A critical perfor­
mance bottleneck may arise with issues in their controlled assembly into maeroscopic 
ensembles over large areas both in two and three dimensions. Langmuir-type assembly is 
a particularly useful method to control and manipulate the distribution of graphene at the 
air-water interface via edge-edge interactions. In this study, pristine graphene suspended 
in organic solvent was prepared through adaptation of a previously developed process in­
volving the non-invasive exfoliation of graphite. Successful deposition of graphene at the 
air-water interface was achieved by manipulating the vapor-pressure of the graphene dis­
persion through solvent mixing. The film density is precisely controlled by following the
pressure-area isotherm during monolayer compression/rarefaction. Moreover, the result­
ing assemblies can be easily transferred to glass and other substrates producing thin films 
with tunable electrical conductivity using the Langmuir-Schaefer horizontal deposition 
method. A major advantage of this process is that the condueting films require no further 
treatment unlike their graphene-oxide counterparts. Moreover, the physical properties of 
these assemblies can be easily controlled which is a precursor for graphene-based elec­
tronic applications.
Although silver-nanowires demonstrate comparable electrical conductivity and opti­
cal transmittance to ITO, challenges remain. For example, silver nanowires are expensive 
and in order to achieve high electrical conductivity relatively dense films are required. 
Moreover, the resulting films are often hazy and require a protective coating to prevent 
eventual oxidation. Numerous studies have investigated silver nanowires and graphene in­
dividually as transparent conductors, but little research has been done on hybrid systems 
of the two. We report a simple, scalable and relatively inexpensive method to prepare 
transparent conducting films based on silver-nanowire/graphene hybrids. We use a com­
bination of spray deposition and Langmuir-based techniques to produce ultrathin films 
with controlled nanowire and graphene densities. Surface morphology of the hybrid films 
was observed by SEM, ATM and optical microscopies. We demonstrate that adsorption 
of graphene at nanowire junctions markedly affects the macroscopic conductivity without 
significantly reducing the optical transmittance. Our optimised films which have com­
parable properties to commercial ITO contains reduced densities of silver-nanowires in 
comparison to films made of pristine silver-nanowires with the same properties. The re­
sults indicate that these graphene/nanowire hybrid films may serve as a cheap replacement 
for existing technologies in electronic devices.
Another nanostructure material that has been touted for applications is carbon nan­
otubes. Carbon nanotubes are materials with a variety of fascinating properties related to 
their interesting quasi-one-dimensional electronic structure. There is considerable interest 
in developing economical and practical methods for producing aligned carbon nanotubes
ii
and utilizing them in electronic components, optical waveguides and optoelectronic de­
vices.
A method for assembling monolayers of aligned single-walled carbon nanotubes is 
described. Dispersions of nanotubes were prepared as a function of concentration in so­
lutions of 1,2-Dichloroethene and the conjugated polymer, poly (mphenylenevinylene- 
co-2,5-dioctoxy-p-phenylenevinylene). The helical structures of this conjugated polymer 
forms a hydrophobic cavity that becomes a suitable host for nanotube bundles and con­
sequently enhances their dispersability. The Langmuir-B lodgett technique was used to 
prepare monolayers of oriented polymer wrapped nanotubes. The alignment of the as­
sembles on the substrates is controlled by varying different parameters in the Langmuir- 
Blodgett process. SEM, AFM microscopies and polarized Raman spectroscopy reveal a 
crucial relationship between pressure cycling and the formation of aligned assemblies of 
nanotubes. Specifically, we have discovered that alignment can be improved if the surface 
pressure during deposition and the number of deposition cycles is increased. Electrical 
conductivity of the resulting films again show percolation-type behaviour as a function 
of density modification in the prepared films. The calculated percolation threshold is 
found to be unexpectedly high which may result from the local mesoscopic ordering of 
nanotubes in the film facilitated by the presence of the polymer.
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Chapter 1
Introduction
1.1 Research Background and Motivation
Smart electronics is a rapidly expanding area of electronic device research with trans­
parent electrodes often playing critical functions in such devices [1]. Transparent elec­
trodes are necessary components of many modem deviees such as touch screens and inter­
active electronics. Other examples include solar cells, smart windows and flexible light­
ing [1-3]. The requirements for high-performance transparent electrodes vary, mainly 
depending on the application, such as a stringent ~ 2 0 /f2 sq for solar cells and large area 
displays. A high optical transmittance (T) ~  95% and moderate sheet resistance Rs of 
400-600 ~  n/sq for touch screens is also required [4].
Currently, transparent electrodes are made from doped metallic oxides, mainly indium- 
doped tin oxides (ITO). This is due to their high electrical conductivity Rs < 100 fl/sq 
and transparency, T = 90 % in the visible range [3, 5]. ITO has been well researched 
and reflned for over sixty years. It consists of a ratio of indium (III) oxide (7^26)3) and 
tin(IV)oxide (Snoi), with optimal electro-optic properties occurring at a 90/10 atomic 
ratio [1]. However, using ITO involves several challenges. It degrades over time, has a 
low fracture resistance (when the substrate is bent), is brittle, and can lose functionality 
when flexed [5-7]. Additionally, the material is expensive due to the limited quantities 
of indium metal and the high demand for pure indium [8 ]. Thus, future transparent elec­
trodes will require flexible, transparent and conductive materials, which can be produced
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at low temperature and over large areas at low cost. In recent years, there have been many 
candidates to substitute for ITO such as, nanotubes, nanowires, graphene and hybrids of 
these materials.
1.1.1 Single-Walled Carbon Nanotubes
One of the promising materials for replacing ITO is Single-walled carbon nanotubes 
(SWNTs), due to their electrical and mechanical properties. Individual carbon nanotubes 
(CNTs) were found to have mobilities in excess of 10000 cm^y~U~^ and a current car­
rying capacity in the order of 10  ^A/cm^. Theoretical studies indicate that SWNTs can 
exhibit strength even greater than diamond [9].
Several groups used SWNTs thin films as transparent electrodes [10-12]. However, 
there are still some issues in the commercial use of SWNTs. One of the major problems is 
production of chemically and chirally pure SWNTs. Produced SWNTs typically contain 
a mixture of various materials including catalyst particles, catalyst support, amorphous 
or non-tubular carbon, fullerenes, and a mixture of nanotubes of various lengths, diame­
ters, tube number, and chirality. For example, in electronic applications, it is critical not 
to use mixtures of metallic and semiconducting SWNTs as the resulting properties will 
be non-specific in nature. Metallic nanotubes will short semiconducting devices and this 
can dramatically degrade device performance. Many successes have been achieved in the 
SWNT purification and separation process [1], such as applying gas phase oxidation and 
acid treatment [13-15]. Also many techniques have been used to separate SWNTs by their 
electronic structure at the laboratory scale. For example, agarose gel chromatography 
[16], alternating current assisted dielectrophoresis [17] and density gradient ultracentrifu­
gation [18-20].
1.1.2 Graphene
One of the other candidates for replacing ITO is graphene due to its outstanding elec­
trical, mechanical and optical properties. Single or few layer graphene can be considered 
as a quasi-two-dimensional molecular material. Graphene shows room-temperature mo­
bilities of about 10000 cm ^vU "^  [1, 21]. A large size, defect free piece of graphene
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demonstrates a T of 97.7% and Rs of about 60 fl/sq  [6]. Since graphene is a zero-gap 
semiconductor with a very high Fermi velocity ~  V/r = 10  ^ m/s, individual graphene 
sheets have very high in-plane conductivities, and an Rs value as low as ~  30f!/sq [22]. 
Graphene films also show excellent thermal stability and the films remain intact after 
heating to 400° C in air [23]. Recently Penmans et al. [24] have shown that for highly 
doped graphene the Rs in graphene is inversely proportional to the number of layers,
where N  is the number of layers.
Graphene has similar properties to CNTs due to the same sp^ carbon chemistry, but 
has different optical properties owing to its two-dimensional character [1]. Another 
advantage of graphene over CNTs is its easy and low cost production from graphite, 
which should result in much more competitive pricing than that for CNTs. Similar to 
CNTs, there are several challenges associated with using graphene in commercial appli­
cations. Graphene synthesis methods such as epitaxial growth or chemical vapour deposi- 
ton (CVD), produce relatively low quality graphene with multiple boundaries and incor­
porated defects (i.e., grain boundaries, ripples and wrinkles). This increases dramatically 
the Rs as a result [1, 25]. Other methods include the production of pristine graphene in 
the solution phase via chemical routes. A critical performance bottleneck here may arise 
with issues in their controlled assembly into macroscopic ensembles over large areas.
Many different methods were suggested to fabricate graphene from a solution phase 
such as drop-casting, spin-coating [26], spraying [27], Langmuir-Blodgett (LB) [28], 
Langmuir-Schaefer (LS) and filtration [29, 30]. Langmuir-type assembly is a particu­
larly useful method to control and manipulate the distribution of graphene at the air-water 
interface via edge-edge interactions. The physical properties of these assemblies can be 
easily controlled which is a precursor for graphene-based electronic applications.
1.1.3 Nanowires
Transparent electrodes consisting of a random network of metal nanowires have re­
cently been explored [6]. Their amazingly high length-to-width ratio and the ability to
3
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prepare wires of any material on any substrate with a variety of thicknesses makes them 
a promising candidate for future electronic and optical devices. According to the recent 
literature [6, 32], silver nanowires (AgNWs) have great potential for use as transparent 
conductors due to the intrinsically high conductivity of silver. A random network of Ag­
NWs can lead to an Rs value of less than 100 Q. and T of about 90%. As the films 
are made denser, the sheet resistance decreases along with the optical transparency. It has 
been shown that a higher DC electrical conductivity/optical conductivity ratio leads to op­
timised performance as a transparent electrode. Also, their mesh-like geometries present 
outstanding mechanical robustness up to a strain of ~  1 % when bent [2, 3] or stretched 
to ~50 % strain [25, 31].
Recently, Coleman et al [32] studied in detail the percolation conductivity of trans­
parent electrodes based on a AgNW networks. They found that the DC conductivity in 
thin film of AgNWs is not thickness independent and follows percolation-like behaiv- 
iour at thickness approaching monolayer dimensions. Recent work by Hu et al.[25] have 
found that mechanical pressing or electroplating of metal can fuse the nanowire junctions, 
which dramatically decreases the film sheet resistance and surface roughness. Although, 
the AgNW networks has many potential applications, as transparent electrodes there are 
some drawbacks such as high fabrication cost, low breakdown voltages, high NW-NWs 
junction resistance, instability in harsh environments (readily reacting with oxygen and 
hydrogen sulphide), and poor adhesion to plastic substrates. Presently, this limits their 
integration into commercial devices [25].
1.1.4 Hybrid Systems of Silver Nanowire/Graphene
Another alternative candidate to replace ITO is a hybrid of the above materials. Such 
hybrid system will have advantages over either material independently. Previously Zheng 
et al. [33] used LB assembly process to produce uniform, large-area hybrid transparent 
films of ultra-large graphene oxide and functionalized SWNTs. The large and fiat geom­
etry of graphene improves the overall electro-optic properties of SWNTs, by providing 
increased percolation paths per unit mass [33]. Another study has been performed by 
Tokuno et al. [34] on hybrid system of carbon nanotubes and silver nanowires. They
4
CHAPTER 1. INTRODUCTION
show high conductivity as well as excellent stability in sheet resistance, when tested us­
ing a repeated bending test. The other possible combination is graphene with AgNWs to 
form a transparent and conductive film. As it has been mentioned, high junction resistance 
occurs between NW-NWs cross junctions, as well as high resistance at the boundaries be­
tween the different sheets of graphene. This may make each materials alone unsuitable 
for transparent electrodes [25, 35]. However, in the hybrid system the graphene layer film 
gives the nanowires an overlying point of contact with one another, while AgNW net­
works also minimise the resistance inherent within the graphene. Such films show better 
electrical and mechanical properties compared to ITO. Studies show that there is almost 
no change in its resistance when bent [36].
1.2 The Primary Objectives and Aims of This Disserta­
tion
The primary objective of this work is to understand the fundamental electrical and op­
tical properties of Langmuir-produced films of carbon nanostructured materials at the air- 
water interface. By using this unique process, two-dimensional assemblies of graphene, 
graphene - nanowire hybrids and SWNTs have been fabricated. By modifying the as­
sembly process it is possible to selectively tune the intrinsic physical properties of the 
resulting films. A secondary objective is to take advantage of the unique properties of 
these materials such as the high strength, high Young’s modulus, high electrical conduc­
tivity and high optical transparency for use in potential applications such as transparent 
electrodes.
1.3 Thesis Outline
Each chapter contains an introductory section, which summarises the relevant litera­
ture pertinent to each study.
Chapter 2 provides an introduction to the properties of materials used in this work
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such as SWNTs, graphene and AgNWs. This chapter also reviews the technique of mak­
ing thin films of these materials via drop casting, spin coating, spraying, LB, LS and 
filtration. Finally, instrumental set up and the working principles of the various charac­
terization techniques described with the aid of schematic illustrations is described. Such 
techniques include UV-Vis spectroscopy, resonant Raman spectroscopy. Atomic Force 
Microscopy (AFM) and scanning electron microscope (SEM).
Chapter 3 describes the production of pristine graphene suspended in organic solvents. 
Deposition of graphene at the air-water interface discussed here is done by manipulating 
the vapour-pressure of the graphene dispersion through solvent mixing. The chapter then 
goes on to demonstrate monolayer fabrication via the LS technique applied to graphene 
suspensions at the air-water interface. The morphology of the produced films is investi­
gated here by the use of SEM, AFM and UV-Vis spectroscopy. Rs against T plots and 
percolation thresholds are established.
Chapter 4 is dedicated to hybrid systems of AgNWs and graphene via a combination 
of spray deposition and Langmuir based techniques with precise control of nanowire and 
graphene densities. The NW-NW junction resistance is investigated using Conductive 
AFM (c-AFM). The morphology of the produced hybrid films are observed by SEM, 
AFM and optical microscopy. The electrical properties and the effect of the graphene 
layer on NW-NW crossed junctions is analysed and explained.
In chapter 5, the dispersion of SWNTs using poly-m-phenylenevinylene-co-2,5-dioctoxyp- 
phenylenevinylene (PmPV) in 1,2-dichloroethane (DCE) is initially described. Following 
this, a description of how the Langmuir technique can be applied to produce monolayers 
from the dispersion with controlled density through modification of the surface pressure 
during preparation. The resulting films are characterised with a range of techniques in­
cluding AFM and SEM microscopy as well as UV-Vis and Raman spectroscopy to de­
velop detailed structure-property relationships.
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Chapter 6 provides a conclusion of this thesis. It also investigates the problems hin­
dering the industrial applications of the as-produced films and details plans for the future 
direction of the project and related projects.
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Chapter 2
Materials and Methods
2.1 Introduction
This chapter will provide an extensive explanation of materials, principles of equip­
ment and methods that have been used in this research with particular focus on the struc­
tures and properties of carbon based materials such as graphene and CNTs. Fundamental 
properties and the behaviour of mixtures of PmPV with SWNTs were also investigated.
2.2 Materials
2.2.1 sp^  Hybridized Materials
Carbon based materials have unique electronic states, which result from the hybridiza­
tion of atomic orbitals. The atomic number of carbon is six and it has been listed at the 
top of group IV in the periodic table. Its electronic configuration in the ground state may 
be written as Is^ 2s^ 2p\ 2py 2p^. The Is^ orbital contains two strongly bound electrons 
and four electrons occupy the 2s'^  and 2p^ orbitals, hence two half-filled orbitals exist in 
this configuration. Since the energy difference between the upper 2p and the lower 2s is 
small, compared to binding energy of chemical bonds, it is believed that one electron can 
jump from the 2s to the 2p^ orbital [1]. Thus, the electronic configuration of carbon in the 
excited state may be written as Is^ 2s  ^ 2p\ 2py 2p\.
This mixing of atomic orbitals with nearly equivalent energy, and redistribution of the
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p  orbital
y^ sp '^  o rbitalsp'^ orbital
sp^ orbital
Figure 2.1: A schematic view of hybridized for C atom. All sp^ orbital are in the 
plane and an additional p orbital per carbon atom exists perpendicular to the plane [3].
energy for forming new orbitals with equal energy is ealled hybridisation. Hybridization 
is classified into three categories: sp, sp^ and sp^\ while Graphene and CNTs are sp^ 
hybridized, group IV elements such as Si and Ge exhibit primarily sp^ hybridisation.
In the sp^ hybridization, one 2s orbital and two 2p orbitals combine, resulting in the 
formation of three sp^ hybridized orbitals. These three sp^ hybrid orbitals are in a flat 
plane with 120° angles between each other, and one p orbital per carbon atom at a 90 
degree angle to the hybrid orbitals [1,2].
2.3 Structure of Carbon Nanotubes
CNTs were discovered in 1991 by a Japanese physicist, Sumio lijima. The first syn­
thesis of a SWNTs was achieved two years later in 1993. This discovery was followed 
later in 2000 by Tang Zikang and Wang Ning [4, 5] who produced a small (0.4 nm in di­
ameter), stable single wall carbon nanotube. Generally CNTs are naturally occurring, but 
are irregular in size and quality. Special conditions and different synthesis methods such 
as laser vaporization, arc discharge, CVD, high pressure CO dispro- portionation process 
(HiPco) and other synthesis methods are required for their controlled mass production 
[1 ].
Since their discovery, CNT production has progressed considerably. CNTs have a 
variety of potential applications in many different areas such as medicine, optics and
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electronics. Despite the many studies that have been performed, the applications of CNTs 
are still mainly theoretical, the results produced are not always fully understood and there 
still remains a strong need for better control over purifying and manipulating nanotubes. 
Areas where predicted or tested nanotube properties appear to be exceptionally promising 
are meehanical re-enforcement of materials and eleetronic device applications. Theo­
retical studies indicate that SWNTs can exhibit strength even greater than diamond and 
conductivity superior to copper [6].
There are several different kinds of CNTs: SWNT, double-walled nanotubes (DWNT) 
and multi-walled nanotubes(MWNT). lijima was the first to observe MWNTs and SWNTs 
were also detected by him in 1995 [1]. A SWNT is eonsidered to be a seamless hollow 
thin cylinder made by rolling a graphene sheet and connecting the sides. Its mantle is 
made of hexagonal networks of carbon. A SWNT is shown in Figure 2.2.
2.3.1 Single-Walled Carbon Nanotube
SWNTs have a remarkable properties which are related to their unique quasi-one- 
dimensional configuration. These properties allow the SWNTs to be easily distinguished 
from MWNTs. As their names implies, each individual SWNT diameter is on a nanoscale 
(0.4 to 1.6 nm) with lengths typically up to 2/jm. Since their chemical bonding structure 
is similar to a sheet of graphene, they exhibit hybridization, which makes them the 
strongest and stiffest material yet discovered. Other elements in group JV on the periodic 
table ean only demonstrate sp^ hybridization [1].
Figure 2.2: A sehematic presentation of a single-walled nanotube.
The structures of these tubes are represented by two distinctive lattice indiees (n, m).
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L
Figure 2.3: The structure of unrolled honeycomb lattice of a CNT from graphene, shows 
diameter and chirality relative to the direetion of the carbon hexagonal axis figure adapted 
from [7].
These two chiral indices are unique for each CNT with n is equal to or greater than m. 
The CNTs can also be specified by their chiral vector C/j, which spans the circumference 
of each nanotube (See Figure 2.2).
Ch{n,m) = n.a\ +m.a2 (2.1)
cosQ =
Cji .ci\ 2 « +  m
(2.2)
iQzlkll 2 V -\-mn
Where d/(i = 1,2) are lattice primitive vectors of graphene in real space and m and n 
are integers. Equation 2.3 shows the lattice constant.
a=\ a i  = ( -^ ,^ ) l  = l«2 = = 0-246/7777 (2.3)
Hence, the CNT geometric configuration can be characterised by these two integers. 
In general, the tubes are split into two categories: chiral and achiral (zigzag and armchair). 
The major difference between these two classes is that the achiral carbon nanotube mirror 
image exhibits an identical structure to the original one, whereas the chiral tube has spiral 
symmetry (see Figure 2.4) [1]. In the case where n = m the tube is called armchair and the 
chiral angle corresponds to 0 =  0°. If m = 0, then the tubes are referred to as zigzag and 
their axial chiral angle is equivalent to 30°. Finally, the tubes will be referred to as chiral
14
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if n 7  ^ m-< 0, as illustrated in Figure 2.4. Also, as the name implies, a chiral nanotube 
exhibits ehirality, in other words it is impossible to superimpose it on its mirror image [1].
armchair zigzag chiral
Figure 2.4: The construction of a carbon nanotube from a single graphene sheet and all 
possible structures of SWNTs defined by the chiral vector; (a) armchair; (b) zigzag and 
(c) chiral nanotube(hgure adopted from [8]).
2.4 Polymeric Nanomaterials
The word polymer or macromolecule is originally derived from the Greek poly and 
meros, meaning many and parts, respectively. Depending on their reaction to heat and 
pressure, polymers are broadly divided into two classes; thermoplastics or thermosets. 
Thermoplastics can be melted and reshaped at high temperatures or pressure; however, 
thermo sets decompose before they melt or reshape. Polymers are highly attractive ma­
terials for various applications and construction because of their ease of fabrication into 
complex shapes and sizes. Until the discovery and development of electrically conduc­
tive polymers, poor conductivity of carbon based polymers made their use in the elec­
tronics industry only desirable as inactive packaging and as an insulating material. This 
perspective is rapidly changing as a new class of flexible, noncorrosive and inexpensive
15
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conductive polymers enter into the market.
Polymers can be formulated to have specific conductivity characteristics from very 
low to very high conductivity often through doping. The conductivities of general mate­
rials compared to conjugated polymers are shown in Figure 2.5. Since carbon atoms in 
carbon double bonds are sp  ^hybridized, p^  orbital overlap occurs so that a de-localized 7t 
electron cloud exists above and below the plane of the sigma bonds that form the struc­
tural framework of the polymer chain. Electrons can be excited from the valence band to 
the conduction band if sufficient energy is added to the system to overcome the energy 
difference between the two bands and photon emission occurs resulting from optically 
induced states. Alternatively, excited electron states can be electrically injected into the 
system by the application of an external electric potential. Light emitted through this 
process is termed electroluminescence.
Conjugated Polymers
insulator» scmi<onductors metals
T n — m — I— I— I— I— I— I— I— I— I— r
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Figure 2.5: The conductivities of general materials compared to conjugated polymers
Conjugated polymers, with high luminescence efficiencies are ideal eandidates for use 
in opto-electronic applications such as LEDs, solar cells or effective laser materials (plas­
tic lasers). One notable class of this fluorescent semi conjugated polymer is polypheny- 
lene vinylene (PPV) and its family of related polymers, containing PPV-based structures 
in the main chain or the side chain. PPVs provide the advantages of high oxidative and 
thermal stability as well as the ability of tuning the emitted light through chemical modi­
fication [8].
However, PPVs display poor processability because of their low solubility range. This 
disadvantage is overcome by the introduction of PmPV, the alternate meta-phenylene link­
age leads to a reduction of the conjugation along the backbone.
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2.4.1 Conjugated Polymer CNT Composites
One of the most challenging tasks faced when working with CNTs is their low solubil­
ity in common organic solvents and water, due to non-covalent forces between individual 
tubes. However, non-covalent functionalization of CNTs is a potential approach to over­
come this problem. Surfactant, oligomers, biomolecules, and amphiphilic polymers (het­
erogeneous with both hydrophilic and hydrophobic parts) (see Figure 2.13a-b) are suitable 
candidates to de-bundle nanotube aggregates in aqueous solution by wrapping around or 
adsorbing onto them, through electrostatic interaction or using a combination of van der 
Waals and complementary electrostatic interactions. The advantage of most non-covalent 
approaches is that they do not destroy or alter the intrinsic electron structure of CNTs. 
However, wrapping amphiphilic polymers around CNTs is a good way to solubilise them 
in water but this method is not good enough to solubilise them in organic solvent [12]. 
One other promising solution could be the 7t-7C interaction between 7i electrons of CNTs 
and the correlated 7C electron rich components such as conjugated polymers.
PmPV, whose structure is a variation of the more common PPV, is a good candidate for 
use as this shows a promising solution for dispersing SWNTs in organic solvents. PmPV 
has exhibited high-binding affinity to CNT sidewalls via 7i-7i stacking of its conjugated 
backbone and van der Waals interaction between PmPV and the surface of the SWNTs, 
thus aiding dispersion of nanotubes in organic solvents. SWNTs doping of PmPV exerts 
a notable impact on the variety of PmPV properties, for instance the electric conductivity 
increases almost 8 to 10 times due to the introduction of conductive paths within PmPV 
Furthermore, PmPV is highly luminescent in the violet and blue region (380-475 nm) of 
the visible spectrum, and PmPV/SWNT composition could be a good candidate to use as 
a photovoltaic devices [9,10].
OCsH
Figure 2.6: Schematic presentation of a PmPV molecule
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2.5 Graphene and 2D Materials
Bulk graphite has been studied for decades. Recently there has been enormous interest 
in order to produce a single layer of carbon atoms. Graphene is a 2D material in which 
carbon atoms are bonded together in a hexagonal lattice. It can be viewed as an individual 
atomic plane extracted from graphite, as unrolled single-wall carbon nanotubes or as a 
giant flat fullerene molecule (see Figure 2.7). A few such layers stacked on top of each 
other aie still considered graphene; it takes at least 10 layers before a sample becomes 
graphite [11, 12].
Graphene is a potential candidate for a number of applications, this is because graphene 
has proved to have exceptional properties, including: very fast electron transport, the 
highest mechanical strength of known materials, greatest thermal conductivity (anoma­
lous Quantum-Hall-Effect). The mechanical properties and great thermal conductivity 
are due to the covalent carbon-carbon bonds, this is equivalent to the bonds held in di­
amond and giving graphene similar mechanical and thermal properties as diamond [14, 
15]. The extraordinary electronic properties are a direct consequence of the peculiar band 
structure of graphene, a zero band gap semiconductor with two linearly dispersing bands 
that touch at the comers of the first Brillouin zone [16, 17]. Figure 2.8a shows the 2D hon-
Figure 2.7: A pictorial representation of graphene , when rolled into a tube, graphene 
forms ID carbon nanotubes, and when in a ball shape it forms OD fullerenes (adapted 
from [13]).
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Figure 2.8: (a) A top view of a graphene lattice with lattice vectors ai, a] and unit cell 
[20]. (b) The graphene 7t and 7t* band structure over the complete Brillouin zone [22].
eycomb of graphene and the unit cell which contains two subtleties A and B. The even 
numbers of electrons per unit-cell makes it impossible to say if the system will behave 
like a metal or a semiconductor [18]. The lattice vectors of the unit cell can be written as:
/%/1 (2.4)
r z ,  1 \/3 \a2 =  a o V 3 ( - - ,— ) (2.5)
Where ûto=1.42° denotes the bond length of the nearest neighbouring C atoms, so the 
length of the lattice vectors is given as a=|ap2 | =\/3ao [20, 21].
2.5.1 Graphene Synthesis
After the experimental discovery of the first isolated graphene sheet, led by Andre 
Geim and Kostya Novoselov [13], several techniques have been used to synthesize mass 
production of graphene sheets. At the moment, three major practical methods have been 
suggested to produce graphene including; mechanical exfoliation, liquid exfoliation of 
graphite, CVD and Micromechanically cleaved graphene. The first method, mechani­
cal exfoliation of graphite crystals, which is also known as the ‘Scotch tape‘ or peel-off 
method begins with graphite spread over a defined area of the tape and folded several 
times upon itself. The area of the tape, which is covered by very thin layers of graphite
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is then pressed onto the surface of the substrate and the tape is lifted off very slowly. 
Although, this technique simplifies the process of finding single graphene sheets and has 
produced the highest quality samples, the production of graphene on the large scale with 
this method has limitation. The probability of finding individual graphene sheets of good 
quality is often low limiting this fabrication scheme to devices for research purposes.
2.5.2 Growing Graphene
In CVD growth process, carbon atoms stick to the surface of a metal substrate, such 
as nickel (Ni) and copper (Cu), under high temperatures. Once a carbon atom occupies 
a position on the surface of the substrate it pushes other carbons to the side, creating a 
one atom thick layer of carbon [23-27]. In this method, the graphene crystallization will 
start at various places on the surface of the substrate before the entire area has formed a 
lattice. Each of the initial crystallization areas has been referred to as a nucléation site 
and establishes an orientation for the lattice that grows from it. As various crystal regions 
grow out from nucléation sites, their borders will meet and a discrepancy will probably 
occur between the lattice orientations of each region. This will create a definite boundary 
between regions. Growth stops when every region is surrounded by such boundaries (or 
at the edge of the substrate). At this point the regions are called domains. In CVD and 
epitaxial growth, large-area graphene films (up to cm^) of single to few layer graphene 
could be generated. Researchers are optimistic about extending CVD growth to silicon 
wafer sizes [25].
One of the disadvantages with this method is transferring the graphene layer to a 
substrate, which is somewhat difficult and may degrade the quality of the layer and lead 
to folding of the layer. Another disadvantage is that the use of high temperatures is cost- 
ineffective, and thus may not be suitable for large scale manufacturing. Also, domain 
boundaries represent defects in the crystal structure of the graphene, since along those 
lines the bonding of the carbon atoms does not follow the simple Bravais lattice from a 
repetition of the unit cell.
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2.5.3 Liquid Phase Exfoliation of Graphene
Recent research proposed by Hernandez et al. [28] showed a very effective way to 
produce graphene by exfoliation of graphite in a number of organic solvents such as 
N-Methylpyrrolidone (NMP), N,N-Dimethylacetamide (DMA), g-butywlactone (GBL), 
1,3-dimethy 1-2-imidazolidinone (DMEU) and N,N’-dimethylformamide (DMF). Among 
the proposed solvents, NMP seems to have a high yield with high-quality, unoxidized 
monolayers of graphene produced [28, 29]. In fact, this process works for solvents which 
have high interaction energies with graphene equal or greater to the graphene-graphene 
interaction energy and also much lower than the bulk solvent-solvent interaction energy. 
This results in a minimal energy cost to overcome the van der Waals forces between the 
graphene sheets [28, 30]. Figure 2.9 shows TEM images of a graphene sheet made by the 
liquid exfoliation technique.
-'d :- ' I
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Figure 2.9: High resolution TEM images of a graphene sheet made by the liquid exfoli­
ation technique [28], the sheet pointed with arrows.
In this technique, low power sonication followed by mild centrifugation results in a 
very low concentration of single layer of graphene (0.01 mg/ml). However, it is possible 
to produce high quality graphene with higher concentration by increasing the sonication
2 1
CHAPTER 2. MATERIALS AND METHODS
time. Hernandez has shown that efficient solvents should have surface tensions equal to 
that of graphene in order to minimize the enthalpic cost of mixing.
2.5.4 Bilayer Graphene
As previously mentioned, graphene has extraordinary electron mobility and other 
unique features which make it a great candidate in nano-scale electronics and photonic 
devices. However, not having a band gap prevents complete control over the electrical 
conductivity and flexibility in design and optimization of electronical devices [4, 31]. 
Bilayer graphene consists of two stacked monolayers lying one above the other. As ad­
ditional layers are introduced, the structure becomes increasingly complex, resulting in 
unique behaviour. Nevertheless, symmetric bilayer graphene also has a zero band gap 
and thus behaves like a metal. But a tuneable band gap can be introduced if the mirror­
like symmetry of the two layers is disturbed making bilayer graphene a subject of interest 
in many areas [4,16, 32].
2.6 Silver Nanowires
Nano wires (NW) possess high length-to-width structures and singularities in their 
joint density of states which allow quantum effects in NWs to be optically observed. The 
ability to prepare wires of any materials on any substrate with varying thickness makes 
them good candidates in the future of electronic and optical devices. For example, NWs 
have been proposed for applications associated with electron field emission such as flat 
panel displays [33]. Nano wires were defined as having at least two dimensions between 1 
and 100 nm [34] and possessing the major advantage of relatively low optical conductiv­
ity within these networks leading to relatively high transmittance for given thicknesses. 
They also can be deposited from the liquid phase, are stable under flexing, and tend to 
display sheet resistance >100 H/sq for transparency ~  85% [35]. Also, Ag nanowire 
meshes can potentially be deposited at much lower costs because they are processed from 
solution at moderate temperatures of 180-200°C [36]. Figure 2.11 shows SEM and AFM 
macrograph of AgNW networks.
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Figure 2.10: (a) A monolayer graphene with no band gap. (b) Symmetrical bilayer 
graphene also lacks a band gap. (c) Asymmetry into the bilayer structure yielding a band 
gap (A) [4].
Nano wires do not occurr spontaneously in nature and require synthesis inside a lab­
oratory environment. In the past ten years, many methods were developed for the syn­
thesis of Ag nanowires with various levels of control over the growth parameters. The 
two most common techniques to synthesize AgNWs are vapour phase and solution phase 
approaches. These approaches have the advantages of homogeneous reactions [34]. Al­
though, many methods exist to fabricate NWs there are limitations to assembling these 
NWs into highly ordered arrays over a large area. Predetermined spacing and end-to-end 
registry have been until now extremely challenging to control. Recent research shows
23
CHAPTER 2. MATERIALS AND METHODS
m
Ü
m
Figure 2.11: (a) SEM and (b) AFM height images of spray-coated AgNWs on glass 
substrate
that successful alignment and patterning of NWs would significantly affect many areas in 
nanoscale electronics, optoelectronics, and sensors.
Lately, several research groups have been working on assembling of AgNWs from 
the liquid phase. These include vacuum filtration, spraying coating, spin coating and 
LB techniques [35, 37, 38]. According to recent literature, among these techniques, spray 
coating directly onto the substrate is the most promising one; as this technique involves no 
additional surface treatment to the substrate. Also large-scale deposition is possible on a 
variety of substrates (glass, plastic and fabric) with a myriad of geometrical arrangements.
2.7 Deposition Techniques
2.7.1 Liquid Phase Deposition Techniques
There are many techniques to deposit an organic thin film onto a solid substrate includ­
ing; spraying dispersion, spin coating, solution casting, or electropolymerization. Among 
these techniques, vacuum filtration and LB are relatively quick methods for developing 
smooth film morphologies.
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2.7.2 Vacuum Filtration
Vacuum filtration is a technique for separating a solid product from a solvent or liq­
uid reaction mixture. The mixture of solid and liquid is poured through a filter paper in 
a Buchner funnel. The solid is trapped by the filter and the liquid is drawn through the 
funnel into the flask below by a vacuum [39-41]. Film thickness can be precisely con­
trolled through the filtration method by controlling the dispersion concentration. However 
vacuum filtration is limited by the filter size, which is a severe drawback for large-scale 
applications [41-43].
2.7.3 Spray Coating
Spray coating techniques are effective ways to produce uniform thin films on a large 
scale. Uniformity is critical in being able to consistently produce high quality films. 
For this technique many parameters need to be controlled such as spraying pressure, flow 
rate, scan speed, height, and substrate temperature. Recently several research groups have 
shown interest in using this technique over others due to its low cost and robust approach 
for large-size, uniform films. On the other hand, among these techniques it has been 
difficult to produce homogeneous thin films with controlled thickness and conductivity 
on the nanoscale [43]. Figure 2.11 shows SEM and AFM images of a typical respective 
network produced using this technique.
2.7.4 Spin Coating
Another approach to thin film fabrication is spin coating. This technique has been 
applied by researchers for many years due to its relatively simple process, low cost, and 
ability to produce films with accurate thicknesses down to the nanometre scale. This 
technique works by utilising centrifugal forces to remove the excess liquid from the sub­
strates’ surface and significantly increase the evaporation rate of volatile solvents [44] 
(see Figure 2.12). The diagram below gives a rough idea of how the spin coating process 
works. The arrows represent the motion of the solution on the substrate during spinning. 
A crucial key in many practical applications is to control the films thickness which in
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Figure 2.12: Key stages of spin coating process , centripetal acceleration will cause most 
of the resin to spread to, and eventually off, the edge of the substrate, leaving a thin film 
of material on the surface [44]
this technique can be adjusted by varying parameters such as the rotation speed, rotation 
time, and the concentration of the solution. As the film is spun, it becomes progressively 
thinner and more uniform. However, there are drawbacks to this process. It is not suitable 
for larger-scale applications, as the substrate cannot be spun at a sufficiently high rate to 
allow thin film formation. The whole spinning process only takes a few seconds which 
would make for a quick turnaround. Another point is that the process makes an inefficient 
use of the material introduced to the substrate, typically only 2-5% [44].
2.7.5 Drop Casting
One of the simplest methods to fabricate thin films is drop casting from solution. 
Here, the solution is simply ‘dropped‘ onto the substrate and then the solvent is allowed 
to evaporate, at room or at an elevated temperature depending on the solvent boiling point, 
from the substrate leaving behind a thin-film. This method has a potential advantage for 
fabrication on a large scale but cannot provide much precision in terms of film thickness.
2.7.6 Langmuir Techniques
Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) techniques are the most promis­
ing techniques for controlling monolayer thickness also have the advantage of depositing
thin films on the surface of any kind of solid substrate. An important aspect of this tech-
26
CHAPTER 2. MATERIALS AND METHODS
nique is the ability to make multilayer structures with varying layer composition through 
repetitive stamping.
2.7.7 Historical Overview
LB films have been the subject of scientific curiosity for most of twentieth century 
[45]. The idea began with Benjamin Franklin who in 1774 reported the following to the 
British Royal Society [46]. ”At length at Clapham where there is, on the common, a large 
pond, which I observed to be one day very rough with the wind, I fetched out a cruet of 
oil, and dropped a little of it on the water. I saw it spread itself with surprising swiftness 
upon the surface. The oil, though not more than a teaspoonful, produced an instant calm 
over a space several yards square, which spread amazingly and extended itself gradually 
until it reached the leeside, making all that quarter of the pond, perhaps half an acre, as 
smooth as a looking glass ”[47].
Further investigations carried out by Rayleigh, Devaux and Hardy confirmed the mono­
layer nature of LB films [47]. Irwin Langmuir was performing systematic studies on 
floating monolayers of molecular films on a gas-liquid interface. This study was contin­
ued several years later by his assistant, Katherine Blodgett. A Nobel Prize was awarded 
to Langmuir and Blodgett for this study. However, almost half a century passed before 
the production of ultrathin organic films with the LB-technique was achieved by scientists 
around the world when they realized the practical opportunities of this unique technique.
2.7.8 Monolayer Materials
Surfactants with amphiphilic natures are required to form a monolayer. These molecules 
become trapped at the interfaces of two phases, usually liquid-liquid or sometimes liquid- 
gas, and cause drastic reductions in the surface tension of water molecules [46].
2.7.9 Surfactant
Surfactants are amphipathic compounds that lower surface or interfacial tension of 
a system. A surfactant molecule contains polar hydrophilic and nonpolar hydrophobic
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or lipophilic groups [48] (see Figure 2.13A-B). When used at relatively low concentra­
tions, they have the capability of adsorbing onto the surface or boundary between any two 
immiscible phases of a system thereby lowering the interfacial tension [49].
In general, the interaction between molecules in the interior of the substance is stronger 
than molecules at the surface and this is due to molecules in the interior being attracted 
equally in all directions, whereas those at the surface experience a net inward force. This 
inward force pulls molecules from the surface into the interior, to reduce the area. When a 
surface active agent is dissolved in a solvent, the lyophilic component of a surfactant will 
cause an increase in the interfacial free energy of the system by distorting the solvent- 
liquid structure [48].
Amphiphilic m olecule
hydrophobic  I hydrophilic
I
air
A
Figure 2.13: (a) An example of an amphiphilic molecule, (b) Surface active molecules 
or surfactants, (c) A spherical micelle [24].
2.7.10 Micelle Formation by Surfactant
One of the fundamental properties of surfactants is the formation of spherical struc­
tures in the solution called micelles [23] (Figure 2.13C). Micelles spontaneously form at 
a given concentration called the critical micelle concentration (CMC) (see Figure 2.14). 
Any physical properties of the surfactant solution such as electrical conductivity, surface 
tension, light scattering or refractive index may be used to determine the value of CMC 
of the surfactant within the solution.
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The development of troughs with moving barriers for forming monolayers or mul­
tilayers started in the mid-1970s. The first generation of the trough used by Langmuir, 
Schaefer and Blodgett was made of wax. Since then, the troughs have evolved dramati­
cally. Today, the trough is made of Teflon to prevent any leakage of the subphase over the 
edges and the process is fully automated. Figure 2.14 shows the surface tension versus 
the log of concentration. The CMC is found at the point at which two lines intersect; 
the baseline of minimal surface tension and the slope where surface tension shows linear 
decline.
Traditionally, the cohesive forces between liquid molecules are responsible for the 
phenomenon known as surface pressure (or surface tension) (IT). One of means of mea­
suring surface tension is the Wilhelmy plate technique. In this method, II (mNm“ )^ , is 
defined as the reversible work done in creating a unit area of new surface [49] :
n F (2.6)
2 (IT +  f)
where F is the force, w is the width and t is the thickness. The method for measuring the 
surface tension is schematically represented in Figure 2.15.
Figure 2.16a shows the scheme of a trough and two moveable barriers for deposition 
on solid substrates. In order to form a monolayer, an amphiphilic solution is spread on the
CMC point
Concentration
Figure 2.14: Surface tension versus log of the concentration of surfactant in solution [24].
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Figure 2.15: Wilhelmy Plate Method for measuring the surface tension. The plate with 
defined perimeter, hung from the micro balance is immersed into the sample liquid (figure 
adopted from [50]).
water-air interface using a micro-syringe. The solution should spread rapidly to cover the 
available area. Figure 2.16b shows a pressure sensor which is positioned on the Langmuir 
trough. Surface pressure of the water surface is measured by immersing a Wilhelmy plate 
across the air/water interface and measuring the force experienced by this object.
2.7.11 The Bulk Phase of Matter and the Pressure-Area Isotherm
Surface pressure is one of the most important indicators of monolayer properties of 
an amphiphilic substance and is given by measuring the surface tension (mNm“ )^ as a 
function of the area (cm^) of the water surface available to each molecule [25]. As the 
film is compressed by reducing the surface area within the barriers, the II - A isotherm 
will show three main phases depended on molecular interaction at the surface. When 
no external pressure is applied to the monolayer, the monolayer molecules mimic the 
behaviour of a two-dimensional gas. The energy of such as a system can be described by 
HA = kT , for ideal gases, where H is the surface pressure (mNm“ '), A is the molecular 
area, k is the Boltzmann constant and T is the temperature. As the gaseous-like monolayer 
is compressed on the subphase surface, the increase in pressure will cause an additional 
ordering thereby inducing a two-dimensional liquid like state upon the water-air surface. 
The nature of these phase changes by compression of the monolayer for stearic acid is
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Figure 2.16: (a) A schematic illustration of LB trough and barriers for increasing or 
decreasing the available surface area, (b) Wilhelmy filter plates and a micro-balanced to 
measure the surface tension (IT).
illustrated in Figure 2.17.
2.8 LB and LS Film Deposition Techniques
2.8.1 Transfer of Monolayer Towards Substrate
As mentioned above, the Langmuir deposition techniques are unique since the mono­
layer can be transferred to many different substrates [45] including those with hydrophilic 
or hydrophobic character. Most LB depositions involve hydrophilic substrates such as 
glass, quartz, aluminium and most commonly silicon. In order to make a monolayer on a 
hydrophilic substrate, the substrate must be immersed in the subphase prior to spreading 
and compressing the monolayer [47].
There are two methods of Langmuir deposition of monolayers onto solid substrates. 
The first and most commonly employed method, first introduced by Blodgett, is vertical
deposition of a solid substrate. Figure 2.18 illustrates the vertical deposition of the first
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Figure 2.17: Surface pressure versus area per molecule isotherm for a stearic acid shows 
three distinct regions (gas , liquid and solid) [47].
monolayer onto hydrophilic substrate as the substrate is raised from the water.
I Subphase
S ubstra te
Figure 2.18: A schematic model of LB deposition on a hydrophilic substrate.
Subsequently, a monolayer coated substrate can also be used for building up highly 
organised multilayers of the amphiphile solution. However, there are different techniques 
for vertical deposition of LB films as well. Y-type multilayer structures occur if the de­
posited surfactant molecules are head to head or tail to tail on both the up and down stroke 
of the substrate. Also, two other vertical deposition modes are possible, when the mono­
layer deposits only in the up or down direction, the multilayer structure is called either 
Z-type or X-type. The X-type multilayer structure occurs when each subsequent layer is 
transferred on the down stroke into the water and the Z-type formation occurs on the up­
stroke position. Formation of mixed depositions is possible as well. Figure 2.19 illustrates
the three different types of vertical deposition.
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Figure 2.19: and ’Z’ type vertical deposition of LB multilayers, figure adopted
from [47].
Vertical dipping is not the only way of building monolayers; the second method of 
transferring a monlayer film to a solid substrate involves horizontal lifting, shown in Eig- 
ure 2.20, also called Schaefer’s method [45]. This method is based on touching one edge 
of the substrate with the top of monolayer. The monolayer is transferred to the solid sub­
strate when the substrate is lifted and separated from the subphase. The advantage of this 
method over vertical is that the monolayer encounters fewer disruptive forces. However, 
this method can only be used for the transfer of highly rigid film to the substrate. The dif­
ference between two depositions technique (LB) and (LS) has been illustrated in Eigure 
2 .21 .
Water subphase
Figure 2.20: LS technique for horizontal deposition of the film onto a substrate (figure 
adopted from [30]).
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Figure 2.21: Photograph of two deposition techniques LB and LS.
2.9 Analyzing and Characterization Techniques
2.9.1 Raman Spectroscopy
There are many techniques for analysing nano-materials, especially those incorporat­
ing carbon based materials. These include X-ray diffraction, IR and Raman spectroscopy. 
Raman spectroscopy is a spectroscopic technique based on the inelastic scattering of 
monochromatic light, usually from a laser source. It provides information about molec­
ular vibrations that can be used for sample identification and quantification. When the 
incident light passes through a sample, it interacts with molecules or atoms and distorts 
(polarises) the cloud of electrons surrounding the nuclei to form a short-lived ‘virtual 
state'. This event occurs in 10“ ^^  ^ seconds or less. Consequently, two types of scattering 
can occur: elastic and inelastic.
Photons scattered elastically, called Rayleigh scattering, do so with an equal frequency 
to that of the incident radiation. However, it is possible to get a small fraction of photons 
which scatter inelastically at higher or lower energies. Inelastic scattering means that the 
frequency of photons in monochromatic light changes upon interaction with a sample; 
this phenomenon is called Raman scattering.
The difference in energy between the inelastic scattered radiation and the incident 
radiation corresponds to transitions between vibrational energy levels of the molecules. 
If the scattered photons possess energies less than their initial energy, it is called Stokes 
scattering. A spectral analysis of the scattered light under these circumstances will reveal
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Figure 2.22: (a) Comparing the relative intensity of Stokes, anti-Stokes and Rayleigh 
lines, (b) Energy level diagram for Raman scattering; Stokes scattering and anti-Stokes 
scattering.
spectral satellite lines below the Rayleigh scattering peak at the incident frequency. If the 
scattered photons have energies greater than the incident photons, then vibrational energy 
has been added to the incident photon energy in a process called anti-Stokes scattering 
as shown in Figure 2.22. The Raman Effect is the basis of Raman spectroscopy and was 
pioneered in 1928 by the Indian physicist, C. V. Raman. Figure 2.22a shows that the 
relative intensities (indicated by peak height and width) of anti-Stokes lines are much less 
than Stokes lines and they are both significantly less than Rayleigh lines.
Higher amplitude signals in Raman spectroscopy can be detected when incident or 
scattered photons are in resonance with the excited electrons. These two resonance phe­
nomena are called incident resonance and scattered resonance respectively. The incident 
laser energy should be equal to the separation energy between two electronic states. The 
following equation. Equation 2.7 , gives the difference in scattered resonance and incident
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Figure 2.23: Micro-Raman spectrometer scheme equipped with confocal microscope 
used for Micro Raman 3D imaging. Acronym in photo LD: laser driver POL: polarization 
rotator USB SMD: two axis stepper motor controller Mi and M2 : motorized flip mirror 
L i ,  L2: focusing lenses SH: sample holder, FN: Notch filter.
resonance [1,2,51].
El =  AE -\-HQù{Scatteredresonance) (2.7)
Ei = /SE{Incidentresonance) (2.8)
Where El is the energy of incident laser beam and/zco is photon energy [2, 52].
2.9.2 Polarized Raman Spectroscopy
Raman spectrum provides information relating to the molecular shape, orientation and 
vibration symmetry within crystal lattices, liquid crystals or polymer samples. Polarized 
Raman uses a polarized laser excitation and a polarization analyser, the spectra acquired 
with the analyser set can be used to acquire spectra, either parallel or perpendicular to 
the excitation laser. The ratio of the peak intensity of the parallel and perpendicular
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component can be used to calculate the depolarization ratio p:
(2.9)
Where 7|| is the intensity of the scattered light whose polarisation is parallel to the polar­
isation of the excitation light and is the intensity of scattered light whose polarisation 
is perpendicular to the polarisation of excitation light collected by the system [53].
2.9.3 Scanning Electron Microscopy
SEM is a type of electron microscope that uses the intensity of mostly secondary 
electrons (SE) and back-scattered electrons (BSE) to produce a magnified image. The 
electron beam hits the sample and interacts with atoms within the 3-dimensional space 
in the specimen known as the interaction volume. The scattering event of the electrons 
travelling through the interaction volume can be divided into two general classes; inelastic 
scattering and elastic scattering. In inelastic scattering, electrons scatter within the target 
material, losing energy and changing direction with each atomic interaction. During this 
event, secondary electrons, backscattered electrons, and X-rays are ejected from the sam­
ple. Backscattered electrons are elastically scattered from the nuclei of atoms in the solid. 
Detectors collect X-rays, backscattered electrons, and secondary electrons and convert 
them into a signal. Eigure 2.24 show a schematic of the typical SEM set up.
Scanning
..^'^[[Secondary
Specimen
Figure 2.24: A schematic diagram of a scanning electron microscope [27].
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2.9.4 Atomic Force Microscopy
AFM provides many advantages over conventional microscopy techniques. For ex­
ample, SEM can only image conducting or semiconducting surfaces; however, AFM has 
the advantage of imaging almost any type of surface, conducting or non-conducting in 
a range of environments as opposed to a vacuum. The information is gathered with a 
mechanical probe consisting of an elastic cantilever with a sharp tip on the end and is 
capable of making measurements in all spatial dimensions presented in Figure 2.25 is a 
schematic of the typical AFM set up. AFM is generally operated in three modes: contact 
mode, semi-contact mode, non-contact mode. Contact mode AFM imaging monitors the 
bending of the cantilever due to changes in the sample surface with atomic-scale sensitiv­
ity by an optical lever system. A laser beam directed onto the cantilever is reflected via 
a mirror to a position sensitive photodiode. A piezoelectric ceramic scanner controls the 
motion of the cantilever by an electronic feedback mechanism. Although contact mode 
achieves the best resolution, in order to study soft materials such as polymeric thin films, 
a non-destructive method is required. Semi-contact mode, sometimes called intermittent- 
contact mode, can be employed and operates by detecting the oscillations of the cantilever 
at a frequencies close to its free resonant frequency given by:
Where k is the spring constant and m is the mass of the cantilever. Non-contact AFM, 
maps topography by lightly tapping the surface with an oscillating probe tip excited by a 
piezo-electric driver, where the cantilever oscillates above the surface of the sample.
2.9.5 UV-Visible Absorption Spectroscopy
Absorption spectroscopy is a very common procedure for identifying compounds 
measuring the concentrations of solutions or dispersions. This process indicates some 
interactions of the light with the sample by measuring the attenuation of a beam of light 
at a given wavelength after it passes through a sample. In this technique, the instrument 
measures the intensities of the input //«(A.) and output loutÇ^) light to identify the absorp-
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cantiBver
surface j '
Figure 2.25: A schematics illustration of an Atomic Eorce Microscope picture adopted 
from [54]
tion.
Absorbance is directly proportional to the path length, b, and the concentration, c, of 
the absorbing matter. The measurement of an absorption spectrum is based on Beer’s Law 
given in Equation 2.11:
A =  - l o g ( ^ ) = 8fcc (2 .11)
'out
Where 8 is a constant of proportionality, called the molar absorptivity of the solution.
Sample cuvette
Mo aochromator
Lamp Source
\
l(K)
Mirror ^
lo(X)
D etectors
Reference cuvette
Figure 2.26: Measurement principle of light absorption spectra by changing the wave­
length over the required range.
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Absorption spectra of ultraviolet and visible radiation of organic molecules are restricted 
to the certain functional groups, chromophores, by exciting a ground state electron into 
an excited state. The spectrum of a molecule containing these chromophores is complex 
because the superposition of rotational and vibration transitions on the electronic transi­
tions gives a combination of overlapping lines. This appears as a continuous absorption 
band. These are the transitions of interest in the study of PmPV given the presence of the 
phenyl group in the polymer structure.
2.9.6 Fluorescence Spectroscopy
Fluorescence is the emission of light from an aromatic molecule. Fluorescence spec­
troscopy is used in a number of chemical and biological applications and is especially 
applicable to low concentration range studies because of its inherent sensitivity. Fluo­
rescence often quantifies unknown concentrations, determines excitation lifetimes, and 
detects fluorescent species [10].
IfluQ^) represents the intensity of the fluorescence light emitted by as a function of
Sample
Detector
* -r
Light source
Figure 2.27: A simple fluorometer contains basic spectroscopic components. A light 
source passes through an excitation filter or diffracts off a monochromator to allow one 
wavelength region of light to irradiate the sample which then emits in all directions. Emis­
sion filters or separate monochromator then select light of the wavelength of interest and 
directs it into the emission detector. Emission detectors are usually placed at right angles 
to reduce detection of scattered light emanating from the solvent and cuvette.
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emission wavelength. Molecular emission occurs when molecules in an excited elec­
tronic state radioactively decay to their ground electronic states. To excite to the higher 
electronic state, molecules must first receive an amount of energy equal to the differ­
ence between excited and ground state energy levels. Emitted fluorescent light occurs 
at lower frequencies than the excitation light because while the molecule is in the ex­
cited electronic state, vibrational relaxations transfer energy to their environment through 
heat. In this study, optical spectroscopy (absorption and emission of light by matter) is 
used to detect the dispersion states and concentrations of carbon nanotubes and polymers. 
A sample’s optical spectrum can reveal its electronic transition energies, concentration, 
extinction coefficient and interactions with its environment.
2.9.7 Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy (FTIR) is one of the most powerful tech­
niques for determination of molecular composition and structure by detecting the vibra­
tional transitions of a molecule. This technique has advantages of measuring solid, liquid 
and gaseous sample and it could collect all wavelengths, NIR to FIR spectra. In infrared 
spectroscopy, IR radiation is passed through a sample as molecules absorbing specific 
frequencies matching the transition energies of bonds or chemical groups. Infrared spec­
troscopy probes molecular motions that involve a change in a bond’s dipole moment.
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Chapter 3 
Density Controlled Conductivity of 
Pristine Graphene Films
3.1 Introduction
Graphene, a two-dimensional (2D) honeycomb lattice structure of carbon atoms, pos­
sesses intriguing properties. It’s micrometer-scale ballistic-type electrical transport [I, 
2] opens up the possibility for many new applications such as field-effect [3] and spin- 
tronic devices [4] as well as chemical sensing [5]. It’s intrinsic strength, modulus [6 ] as 
well as thermal conductivity [7], far exceeding that of diamond[8] or carbon nanotubes 
(CNTs) [9], have inspired the fabrication of high-performance functional composite ma­
terials [10,11] and electronic circuits [12, 13]. In order to fully utilize graphene’s unique 
properties there are two bottlenecks to overcome; namely (i) the controlled production 
of high-quality graphene with a selected number of layers in large quantities and (ii) the 
controlled uniform deposition of graphene over large areas. Several methods have been 
developed to produce high quality graphene including micromechanical cleavage [14], 
epitaxial growth [15,16], chemical reduction of exfoliated graphene oxide [17-19], CVD 
growth [2 0 ] and liquid phase exfoliation of graphite [2 1 , 2 2 ].
However, only the latter method appears to be presently suited for mass production 
of high-quality un-oxidized graphene that can be fully dispersed in a wide variety of 
organic solvents [23]. Good control over the chemical purity of the sheets is essential for
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the efficiency of graphene-based electronic devices and sensors, and different approaches 
to achieve this have been reported. Mono- or multilayers of 2D pristine graphene and 
graphene oxide (GO), can be assembled from solution using conventional layer-by-layer 
(LbL) assembly [24-27], by vacuum filtration [28, 29] or by spray coating [23].
The assembly of materials at the air-water interface using the Langmuir process is 
another way of fabricating thin films. It can be realized by spreading a dispersion which 
has been previously dispersed in an organic solvent onto a water subphase, evaporating 
the solvent and finally compressing the floating monolayer. The vertical or horizontal 
transfer to a substrate can be achieved using the LB [17, 30-32] or the LS [33] techniques 
respectively. The LB and LS methods facilitate the formation of thin films with controlled 
thickness and a high degree of structural order. There have been several reports already of 
using these techniques to produce films of GO, which can then be thermally or chemically 
treated to form graphene, however the need for this final step is not ideal [17, 31, 33].
Here, a method to produce pristine graphene thin films using the LS approach were 
shown. This method requires no post-processing treatment. Typically, solvents that have 
been shown to efficiently exfoliate graphene have low vapor pressure and are hence not 
ideal for use in the LS process. Therefore a mixed solvent strategy were used, which not 
only facilitates efficient liquid phase exfoliation of graphene but modification to the sol­
vent mass ratio manipulates the vapor pressure so as to be more amenable for the process. 
The resulting dispersions can be successfully used as a pre-cursor to the self-assembly of 
pristine graphene at the air-water interface which can be subsequently transferred by the 
LS technique onto a solid substrate. The technique allows for the deposition of pristine 
graphene flakes over large areas and for control over film density as well as the number 
of layers in the film. Through careful control of density, by following the pressure-area 
isotherm during monolayer compression, it is possible to precisely tune the electrical 
conductivity. Our results point to the potential of the LS deposition technique to prepare 
high quality graphene films on various substrates which potentially could be suitable for a 
range of applications including thin-film flexible electronics, optoelectronics and sensors.
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3.2 Experimental Methods
3.2.1 Graphene Dispersion
The graphene dispersion was prepared as described elsewhere [22]. Briefly, as-produced 
sieved graphite powder (Aldrich product 332461, batch number 06I06DE) was added to 
N-methyIpyrrolidone (NMP) (spectrophotometric grade, 99.0%) to give an initial graphitic 
concentration of 0.1 mg/ml. This mixture was sonicated using low power bath sonication 
(Model Ney Ultrasonic) for 30 minutes. The resulting dispersion was then centrifuged 
(using a Hettich Mikro 22R centrifuge) for 90 minutes at 500 rpm. The resulting su­
pernatant was used for further processing. The final dispersed graphene concentration in 
NMP was calculated to be 0.876 mg/ml (from the absorbance at 660 nm using an ex­
tinction coefficient of 3620 L/g/m). I mL of the resulting NMP dispersion was mixed 
with 100 mL of chloroform (Sigma Aldrich) and sonicated using bath sonicator (fisher 
scientific FB15051) for 60 minutes, followed by centrifugation (Eppendorf 5702 ) for 90 
minutes at 4000 rpm - 2500 G. The supernatant was then bath sonicated under chilled 
conditions (ice bath) for a further 30 minutes. The final dispersed graphene concentration 
in NMP/chloroform mixture was calculated to be 0.007 mg/ml.
3.2.2 Langmuir-Schaefer Deposition of Graphene
For LS deposition of graphene, a commercial deposition trough (NIMA Technology, 
Model 612D) was used. In order to form a monolayer at the air-water interface, the 
graphene dispersion in a chloroform/NMP mixture (8-10 mL) was spread onto the water 
subphase (ultra-pure Millipore water) with a microliter syringe utilizing drop-by-drop 
deposition technique. The pressure-area isotherms were obtained after 10 min waiting 
time to let the remaining solvent evaporate (see Figure 3.1). The surface tension was 
determined by suspending a Wilhelmy paper plate completely wetted by water. Measuring 
the downward force on it during compression of the monolayer by moving two opposing 
barriers towards each other at the speed of 15 cm^/min. Thin films of graphene were then 
transferred onto glass substrates by LS horizontal deposition technique at various surface 
pressures (ranging from 0 to 40mNm“ )^, using a transfer speed of 3 mm/min. Prior to
49
CHAPTER 3. DENSITY CONTROLLED CONDUCTIVITY OE PRISTINE
GRAPHENE FILMS
M icro-syringe
Evaporation o f  the carrier so lvent /
i
Figure 3.1: Schematic image of a Langmuir trough, graphene monolayer were spread at 
air/water interface by using a micro-liter syringe.
the him deposition, substrates were cleaned by rinsing them thoroughly with de-ionized 
water followed by sequential sonication in de-ionized water, isopropyl alcohol (IPA) and 
methanol for 5 minute in each solvent.
3.2.3 Characterization
The length distribution of graphene flakes in NMP was evaluated statistically using 
a transmission electron microscopy (TEM) by drop casting the dispersion onto a holey 
carbon TEM grid. The length distribution of graphene in NMP/chloroform mixture as 
well as thickness distribution of graphene flakes in both, NMP and NMP/chloroform was 
evaluated statistically using an AEM. AEM topographic analysis of the dispersions as 
well as LS graphene films deposited on glass substrates was performed in a semi-contact 
mode using NT-MDT AFM (Moscow, Russia). The AEM probes used (NT-MDT) had 
an average spring constant of 11.8 N m "\ Samples were prepared by spin-coating the 
dispersion onto freshly cleaved mica at 3000 rpm for 10 seconds.
The current-voltage characteristics have been obtained using a Keithley Model 4200. 
The final specific conductivity calculated from the resistance and thickness of the film. 
All sample thicknesses were measured using AFM. Gold electrodes ~70 /,/m thick were 
evaporated using Kurt J. Lesker evaporator on top of LS graphene films. The distance 
between electrodes was 4mm. The width (W) and length (L) of each electrode was 1 mm 
and 8 mm respectively (see Figure 3.2). The transmittance data of LS films was obtained
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Figure 3.2: Schematic image of LS film of pristine graphene with gold contacts 
by UV-VIS/NIR spectrophotometer (Cary 5000).
3.3 Results and Discussion
3.3.1 Dispersion and exfoliation of graphene in high and low boiling 
point solvents
The graphene dispersion in NMP has been prepared by the method of liquid phase 
exfoliation of graphite [22]. The choice of solvent was dictated by its ability to achieve 
suspensions of high quality, defect-free, and un-oxidized graphene at relatively high con­
centrations [341. Histograms of the size distribution of flakes as obtained from TEM anal­
ysis are shown in Figure 3.3a. As can be seen, graphite is almost completely exfoliated to 
multilayer structures with less than 5 layers in NMP. The average flake size is ^  500 nm.
Representative TEM images of the flakes observed are shown in Eigure 3.3b where 
graphene monolayers (with well-defined edges) as well as multilayers can be easily dis­
tinguished. It should be noted that a small number of larger objects (a few tens of flakes 
thick) was also present in the dispersion. The high dispersion efficiency of NMP is at­
tributed to its ability to match the surface energy of graphene. Consequently, the NMP-
graphene interaction is balanced with the exfoliation energy resulting in a minimal energy
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Figure 3.3: (a) Histogram of the number of visual observations of flakes as a function 
of the number of monolayers per flake for NMP dispersions obtained from TEM analysis 
(inset: optical photograph of the high concentration graphene dispersion in NMP) and
(b) representative TEM micrographs showing well exfoliated graphene flakes in NMP.
(c) Size distribution (inset of Ic: optical photograph of the low concentration graphene 
dispersion in NMP/chloroform mixture) and (d) thickness histograms of graphene flakes 
deposited from NMP/chloroform mixture (inset of Id: representative AEM topographic 
image of a single layer graphene flake and its height profile)
cost to overcome van der Waals forces between the graphene flakes [22, 35]. Since NMP 
is completely miscible with chloroform [36], the initial graphene dispersion was diluted 
down to a ratio (NMP/chloroform) of 1:100 as described in the experimental section. 
To estimate the size distribution of graphene flakes after dilution, AEM analysis was per­
formed and histogram analysis of length Figure (3.3c) and thickness (Figure 3.3d) of more 
than 150 graphene flakes were obtained. It can be seen that a large population of flakes 
are single-layered as shown on the representative AFM topography image and height pro­
file in the inset of Figure 3.3d. However, flakes consisting of two-layers, three layers and 
multilayers are also present. The average flake major axis is 305 nm which is smaller than
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those observed in the initial NMP dispersion. Narrowing of the flakes length distribution 
as well as the thickness maybe due to further dilution and additional ultracentrifugation 
of the already exfoliated flakes [37].
The use of the NMP/chloroform mixture to facilitate the spreading process is not a 
new concept, and has been successfully used previously for the deposition of conducting 
polymers [38, 39]. Such a mixed-solvent strategy is required for the following reasons. 
Firstly, the LS deposition technique requires the use of a low boiling point, water immis­
cible solvent. This is because the spreading solvent must evaporate within a reasonable 
period of time to avoid residue being present in the condensed material [40, 41]. NMP is 
highly miscible with water and its vapor pressure at 20 ° C is very low so, on its own, is 
inappropriate for the deposition of graphene. When a nonvolatile solute such as NMP is 
added to a volatile solvent such as chloroform, the vapor pressure of the solution will be 
lower than that of the pure solvent as determined by Raoult’s Law. The vapor pressure of 
chloroform and NMP at room temperature is 21.3 kPa and 0.039 kPa, respectively. The 
total vapor pressure will lie between the vapor pressures of the pure components, and can 
be determined by the mixture composition according to the following formula 3.1 [42]: 
Where p \  and p°^  are the partial pressures and Xa and Yg are the mole fractions of the 
component A and B respectively. As can be seen in Figure 3.4, the addition of chloro­
form significantly increases the vapor pressure (from 0.039 to 21.04 kPa) while having 
little effect on dispersion quality.
(3.1)
A dilution of the graphene dispersion in the solvent mixture also enables complete 
spreading of graphene over the interface. The use of a more concentrated graphene disper­
sion results in poor spreading due to large graphene flakes being hindered from accessing 
the water surface. If a dilute solution is used, the monolayer is laterally homogeneous and 
the isotherms are independent of spreading conditions, compression speed and are nearly 
free of hysteresis.
The presence of a small amount of NMP is also critical. As shown by O’Neill et 
al.[23] the dispersion and exfoliation of graphene in solvents can be predicted by using
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Figure 3.4: The total vapour pressure of the NMP/chloroform mixture calculated using 
Raoult’s law
the Hansen solubility parameters (HSP) consisting of a dispersion force component (D), 
a polar component (P) and a hydrogen bonding component (H). Good quality graphene 
dispersions can only be achieved for solvents that possess HSPs matching well with those 
for graphene [23]. Chloroform is one of the least successful solvents, probably due to 
its polar component ÔP = 3.1 (MPa)'/^ which is located at the edge of the acceptable 
values for solubilization of graphene (3-17 MPa^/^). It is widely accepted that the HSP 
for a solvent mixture is a linear function of composition [43] according to the following 
formula:
^mixture — '^ ^ n ,co m  p^ n ,co m p  (3-2)
where T> is the volume fraction for each solvent present. Therefore, due to presence of 
NMP in chloroform, HSPs are shifted towards greater graphene solubility. The resulting 
dispersion is stable with no precipitation occurring even after a week (inset of Figure 
3.4c).
To quantify the relative amounts in the mixture of chloroform and NMP used for our 
experiments vibrational spectroscopy can be used. Fourier transform infrared (ETIR) is a 
particularly useful technique in this regard as the vibrational modes of graphene are inac­
tive. ETIR spectra of the NMP/graphene as well as the mixture of NMP and chloroform 
has been performed (See Figure 3.5). The peaks around 1670 cm“ ' are associated with 
NMP and are assigned to >C=0 stretch [44]. When the mixed system is analyzed the 
presence of NMP is clearly seen. The relative ratios of NMP to Chloroform can be taken
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Figure 3.5: ETIR spectra of NMP and the NMP mixture with chloroform
directly from the spectra by analyzing the reduction in the peak for the NMP feature in 
the pristine and the diluted sample respectively.
3.3.2 Spreading of Graphene Films at the Air-water Interface
As water has a high surface tension at room temperature, when a solution of graphene 
dispersed in a water-insoluble solvent such as chloroform is placed on the surface, it 
rapidly spreads to cover the available area. During solvent evaporation, graphene sheets 
tend to assemble into 2D films. If the graphene concentration per unit area is low, the 
distance between adjacent graphene flakes is large and their interactions are weak. At this 
point, the monolayer can be regarded as a 2D gas that has one interface with the aqueous 
phase and the other with air and thus has little effect on the surface tension.
When the available surface area of the monolayer is reduced by moving a barrier 
across the water surface, the graphene flakes start to exert a repulsive force on each other 
initiating a reduction in surface tension. During compression, the monolayer undergoes
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phase transitions from gas to liquid to solid phases before collapsing, yielding a sur­
face pressure-surface area (density) (H-A) isotherm. A typical Langmuir compression 
isotherm of a graphene monolayer is shown in Eigure 3.6 with distinct phase changes and 
a collapse pressure above 39 mNm~ ^ .
Water Subphase
Gas Phase
Giaphene Monolayer 
/
Moving Barriers
X \
100 125 150 175 200 225 250 275 300
A rea (cm^)
Figure 3.6: (a) Representative surface pres sure-area (fl-A) isotherm of graphene mono­
layer deposited from chloroform/NMP mixture at the air-water interface, (b) A corre­
sponding photograph of a Langmuir trough showing a dense graphene monolayer with a 
glass substrate above the surface ready for a Langmuir-Schaefer deposition.
A compressed graphene monolayer can be considered to be a 2D solid film that is 
strong and rigid and does not exhibit typical monolayer collapse behavior. As can be 
seen in the photographs in Eigure 3.7a taken perpendicular to the optical axis, the packing 
density of graphene flakes can be manipulated by altering the surface pressure during 
the compression/expansion cycle. At a n=0 graphene flakes are separated from
each other forming multiple discrete monolayer islands of various sizes with a surface of 
a few jLim^ . The presence of these islands is probably a consequence of the large volume 
of graphene dispersion deposited (10 mL). At lower volumes (below 5 mL), the graphene 
monolayer is not visible on the water subphase and is difficult to investigate optically 
until large surface pressures are reached. By compressing the barriers, the monolayer is 
densihed resulting in the multiple discrete islands becoming connected and thus reducing 
the free space. Compression of the film up to the H = 40 mNm“ ' results in merging of 
the monolayer islands into a continuous closely packed monolayer.
It should be noted that the interfacial area can only be reduced to a point where
graphene flakes resist packing into a higher density state due to the hard limit dictated by
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Figure 3.7: (a) Optical photographs of a graphene monolayer film at the air/water inter­
face deposited from chloroform/NMP mixture as a function of surface pressure taken 
perpendicular to the optical axis, (b) fl-A isotherms of two sequential compression- 
expansion cycles.
the molecular cross-sectional area. Further compression from this point compromises the 
stability of the interface and leads to film collapse defined as the movement of graphene 
flakes from the interface into the bulk resulting in their transition to an out-of-plane ge­
ometry.
It is possible to reversibly tune the density if the target surface pressure is not more 
than 25mN/77“ ^ For example, H-A isotherms of two sequential compression-expansion 
cycles (0-15 mNm~^) are shown in Eigure 3.7b. During the first compression-rarefaction 
cycle, a minor degree of hysteresis was observed, but this effect was essentially absent 
during further recompression.
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Typically, the monolayers formed contain graphene flakes of various thicknesses rang­
ing from single layered graphene to multilayered structures. Due to the variation in thick­
nesses, they are not able to overlap, leading to reversible density alterations of the mono­
layers during several compression/expansion cycles. It is likely that the presence of a 
negligible amount of residual NMP also aids the spreading by acting as a molecular lu­
bricant, which is slowly squeezed out under applied surface pressure and assists in the 
increased reversibility of the monolayers during repetitive compression/expansion cycles. 
The reversibility has also been observed by Cote et al. [31] for GO deposited onto a wa­
ter subphase from a water/methanol mixture. However, in their situation it is due to the 
presence of electrostatic repulsion between adjacent flakes.
3.3.3 Langmuir-Schaefer Deposition of Graphene Monolayer Films
The LS technique is used to transfer graphene monolayers from the air/water interface 
onto a solid substrate. When the graphene monolayer is spread onto the water and com­
pressed to a desired density the substrate is lowered onto the graphene covered interface. 
Once contact is made the substrate is then retracted resulting in the graphene monolayer 
being transferred onto the substrate. The choice of LS method over LB was dictated by 
the fact that LS is more appropriate for the transfer of highly rigid monolayers because 
the floating monolayer is subjected to less disruptive forces than in the LB method [41].
Eigure 3.8a shows a representative AEM height image of a dense graphene film de­
posited from the maximum surface pressure of ~40mNm“  ^which is just before the point 
of monolayer collapse. The transferred film is homogenous and free of microscopic voids 
over its entire area. The line profile in Figure 3.8b along the yellow horizontal line in 
Figure 3.8b shows an average thickness of 15 nm with the majority of the flakes being no 
thicker than 3 nm.
By following the H-A isotherm, monolayers at different surface pressure ranging from 
0 -4 0  mNm“  ^ deposited on glass substrates are shown in Figure 3.9a-e. A film deposited 
from the gas phase (at = 1 mNm~^) is low in density and contains large voids. The 
deposition at higher fl results in the formation of denser films and consequently fewer 
voids, until the maximum surface coverage is reached at ~  40 mNm“ ^
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Figure 3.8: (a) A representative AEM topography image of highly dense Langmuir- 
Schaefer film deposited at H= 40 mNm~ .^ (b) The corresponding line profile taken at 
the horizontal yellow line denoted in Figure 5a.
Figure 3.9: AEM topography images of graphene flakes deposited by the Langmuir- 
Schaefer technique from NMP/chloroform mixture as a function of surface pressure (a) 
1, (b) 10, (c) 20, (d) 30 and (e) 40 mNm~ ^.
3.3.4 Electrical Properties of Langmuir Graphene Films
While the resulting films are electrically conducting, the absolute conductivity de­
pends on the density of graphene which is controlled by the Langmuir process. In order
to analyze this dependence the surface coverage as a function of H can be obtained di-
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rectly by processing AEM height images using Image! software as shown in Figure 3.10.
In order to analyze the surface coverage as a function of pressure (H ), Image! software 
was used to directly process AEM height images as shown above. For this reason, ’Mean’ 
method thresholding, that utilizes the mean of grey levels as the threshold, was used to 
section an image by setting all pixels whose intensity values are above a threshold to a 
foreground value (graphene flakes) and all the remaining pixels to a background value 
(glass substrate). Eigure 3.10 shows a typical AEM and corresponding threshold image. 
Here, the black regions represent the substrate, while white regions represent the graphene 
flakes.
Figure 3.1 la demonstrates threshold images of samples at different surface pressure. 
The electrical conductivity of the growing graphene islands at increased surface coverage 
can be analyzed using percolation theory given by:
(3.3)
where S is the occupation probability of a conducting area on the substrate (also known 
as fractional coverage). Sc is the critical value of fractional coverage and n is the critical 
exponent of the electrical conductivity. In such networks, the ability for electrons to 
flow requires the formation of conductive pathways through the material. This, in turn, 
requires a critical density of connections for effective passage of current. As can be seen
Figure 3.10: Analysis of graphene surface coverage using Image! software analysis of an 
AEM image
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in Figure 3.11b when the surface coverage reaches ~20% the graphene flakes form islands 
consisting of loosely packed flakes linked by a small set of inter-cluster connections. As 
this stage, the percolation is dominated by tunneling of charge carriers from one flake to 
another and the surface coverage is insufficient to allow the formation of fully-connected 
pathways. As the surface coverage increases, the film conductivity also increases due to 
the inter-flake distance reducing until one approaches 1 0 0 % coverage at which point the 
conductivity mechanism is ohmic in behavior (as evidenced by I-V characteristics). The 
best-fitting curve to the data using percolation-type power law scaling is shown in Figure 
3.11b yielding a critical exponent n = 8.95, a conductivity coefficient Gq = 46 S/m and 
a formation of the percolative network at 5'c = 9% respectively. Such a high value of a 
critical exponent n has been previously reported and may be associated with the large 
distribution of junction resistances at flake-flake interfaces [45]. The highest conductivity 
for a single layer thin film of graphene obtained by LS is ^19 Sm~^ which is expectedly 
low compared to the intrinsic conductivity of the individual graphene flakes. Since the 
films produced consist of graphene flakes of varying thickness, as observed by AEM, the 
broad distribution of their thicknesses requires charge transport parallel and perpendicular 
to the graphene sheets. As reported by Nirmalraj et al.[46], the inter-flake resistance is 
linearly dependent on the graphene thickness. They showed, by connecting a monolayer 
graphene flake with a bi-layer graphene the resistance at the intersection of ~  550-650 
Q. was measured. However, when a monolayer graphene was connected to the tri-layer 
graphene, the resistance jump at the intersection was as high as 6.5 k.
Repetitive stamping of a substrate on the floating monolayer enables the formation of 
thicker films. As shown in the inset of Figure 3.11b, bi-layers and triple-layered films 
deposited at the highest surface pressure of ~40 mNm~^ yield a conductivity of ~30 
Sm“ ^and ~  65 Sm~^ respectively. The conductivity can be further enhanced by increas­
ing the number of layers however the transparency would have to be sacrificed. Since 
the film’s transmittance is strongly dependent on the graphene density (see Figure 3.12a), 
it decreases exponentially as the conductivity increases as shown in Figure 3.12b. One 
layer of graphene with a conductivity of ~4.8 xlO“  ^ Sm“  ^ has a 95% transmittance, 
while a graphene film of the highest density has a conductivity almost four times higher
61
V  CHAPTER 3. DENSITY CONTROLLED CONDUCTIVITY OF PRISTINE
GRAPHENE EILMS
0 mNm -1 40 mNm"^
'At/., t
o  = 4 6  S /m
8 =0.09c
n=8.95
1 E - 4 n
2 layers 3 layers
T— '— r
0.2 0.4 0.6 0.8 1.0
Fractional surface coverage (S)
Figure 3.11: (a) Thresholded AEM images of LS films as a function of pressure showing 
the change in packing density (here the black areas show the background while the white 
areas represent the graphene flakes.) (b) The change in the electrical conductivity as a 
function of surface coverage (inset; electrical conductivity as a function of number of 
layers deposited).
(4~19 X10“  ^S/7z“ )^ while the transmittance is lowered by only ~10%. Additionally, for 
highly dense graphene films it is possible to tune the conductivity without significantly 
sacrificing their transmittance. The above results point to the process as being ideally 
suited to the preparation of large area electrically conducting graphene assemblies. We 
have shown that the transfer of the films formed at the air-water interface to solid sub­
strates is simple and results in solid films of reproducible physical properties. Unlike 
GO thin films our systems require no further chemical or thermal treatment to produce 
electrically conducting arrays. Interestingly, the controlled deposition of such conduct­
ing assemblies at the air-water interface may have a range of applications in their own
right without transfer to a substrate. For instance, differences in the extent of proto-
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nation on either side of water-hydrophobe interfaces are deemed essential to enzymatic 
catalysis, molecular recognition, bio-energetic transduction, and atmospheric aerosol-gas 
exchanges and could be easily measured using our floating graphene electrodes. Another 
application that these films would be ideally suited to is to understand the role the ocean 
plays in the biochemical cycles of climate modifying gases such as carbon dioxide. The 
influence of monomolecular films on the gas exchange process is essential. The graphene 
layers could be used as proxies for biogenic slicks which are prevalent to coastal waters 
and gas exchange rates could be better determined by dynamically measuring changes in 
conductivity which we are currently investigating.
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Figure 3.12: (a) Representative photograph of the resulting thin film on glass at three 
different surface pressures, (b) Transmittance versus conductivity for monolayer graphene 
films.
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3.3.5 Raman Spectroscopy of Graphene
There are many methods to characterize graphene, including atomic force microscopy 
(AFM) and electron microscopy; however, the identification and counting of graphene 
layers is a major hurdle. AFM measurement has been so far one of the most direct ways 
to distinguish the number of layers, but this method has some limitation, such as a very 
slow throughput and it may also cause damage to the crystal lattice during measurement. 
Furthermore, an instrumental offset of 0.5 nm (caused by different interaction forces) 
always exists, which is even larger than the thickness of a graphene monolayer. Therefore, 
researchers have turned to more improved ways to identify different layers of graphene 
without destroying the crystal lattice [47]. Raman spectroscopy and imaging is another 
candidate for non-destructive and quick inspection to provide information on the graphene 
sample quality, its total accumulated charge and the thickness and thereby the number of 
graphene layers [48]. The unusual dispersion of % electrons in graphene means that, 
using laser excitation from the visible window of the spectrum, the process is always in 
resonance [22,47].
3.3.6 Raman Spectroscopy for Characterization of Graphene Layers
In graphene, Raman active modes arise from the F and K(K’) point of the Brillouin 
zone, providing useful information on the defects and layer stacking. Ferrari et al. have 
proposed to use Raman spectroscopy as a simple and efficient way to confirm the presence 
of single layer graphene [47]. Their work shows two prominent features appearing in 
the Raman spectra of graphene, both of which are strongly connected to graphite. The 
first feature is the G-band (at ~  1582 cm~^ for graphite) corresponding to the in-plane 
vibration of sp  ^ carbon atoms. This feature will be upshifted by approximately 5cm~^ 
in single layer graphene. The G-band intensity increases almost linearly as the number 
of layers increase enabling researchers to determine the thickness of multilayer graphene 
from the G-band intensity [47,49].
The second spectral feature is the 2D band at about ~  2700 cm~^. This feature occurs
in the second-order Raman spectrum and is the second order mode of zone-boundary
phonons. This feature is extremely sensitive to the number of layers of graphene. In
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particular, the shape of the 2D band, could identify the number of layers from single 
layer, to bi-layer to few (less than five) layers. However, it is not possible to distinguish 
more than five layers from that of bulk graphite using Raman spectroscopy. In single 
layer graphene, this feature is very sharp and highly symmetric; however, in bilayer and 
multiple-layer graphene, due to the change of electronic structure of graphene, this feature 
becomes much broader.
Figure 3.13 shows the dependence of the 2D band on the number of layers. As the 
figure shows (Figure 3.13a) the Raman spectrum of a single layer graphene sheets shows 
very intense Lorentzian peaks. In bilayer graphene 2D band show four Lorentzians peak 
(Figure 3.13b) which are related to the four possible double resonance scattering pro­
cesses. As the number of layers increase, the peak shape converges to that found for 
graphite where only two peaks are observed (Figure 3.13e) [49].
(a) 1-LQ
(b) 2-LG
(C) 3-LG
(d) 4-LG
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Figure 3.13: Dependence of the 2D band on the number of layers (picture adopted from 
[50]).
A Raman spectrum of graphene has more features than G and 2D. For example, the
presence of defects in graphene could make another feature called the D band to occur at
~  1350 cm“ *. As expected, this feature is observed at the sample’s edges [47]. Also, the
M band at ^  1750 c m " \ is strongly dependent on the number of graphene layers, only
appears in bilayer and few layer graphene samples [51].
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Figure 3.14: Comparison of the Raman spectra of graphene with two, three and many 
layers (more than 3), measured at 514 nm. The number of layers is estimated based on 
the peak intensities, ratio of the G-band and 2D-band peaks and Lorentzian peaks.
In these experiments, Raman spectroscopy was used to analyze the distribution of 
flakes (in terms of the number of layers) typically present in the resulting films. Figure 
3.14 shows a typical Raman spectra of LS films of pristine graphene obtained at several 
arbitrary points on the film. As the figure indicates, the produced films contain differ­
ent types of flakes (2, 3 and many layers). These findings confirm our hypothesis that 
the inherently low conductivity of our graphene films relative to pristine graphene flakes 
is due to the large distribution of layers in a typical films. As discussed previously, the 
conductivity of the graphene flake varies with the size and structure [52], hence the pres­
ence of graphene with a different number of layers will markedly lower the macroscopic 
conductivity of the produced films.
3.3.7 Collapse Mechanism of the Film
Compression of the film, results in transition from gas phase to a solid phase. Once the 
isotherm reached H = 40 mNm~^ the monolayer form a continuous packed film (see Fig­
ure 3.6b). Further pressure of the monolayer (above 40 mNm“ )^ will cause scrolling of
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Figure 3.15: Photograph of a collapse monolayer of graphene at the air-water interface.
the monolayer. Figure 3.15 shows macroscopic fibers appeared near the closing barriers. 
Further increasing the surface pressure will cause the micro fibre to expand toward centre 
of trough. This phenomenon is reversible, and by expanding the barrier, the wires gradu­
ally will fade from the surface. Previously, Braga et al. showed bending the graphite sheet 
will caused increasing in elastic energy (decreasing stability) while the van der Waals in­
teraction energy of overlapping regions of the graphite sheet will cause decreasing in free 
energy [53, 54]. Here, the compressing force applied by the moving barriers will bend 
the graphene sheets.
3.4 Conclusion
Here, a successful assembly of pristine graphene at the air-water interface have demon­
strated. The resulting water-supported monolayers can be made by deposition from sol­
vent mixtures with controlled vapor-pressure. The edge-to-edge repulsion between the 
layers prevented them from overlapping during compression which is facilitated by the
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presence of small quantities of a high boiling point solvent NMP. The monolayers re­
spond pseudo-elastically to compression and rarefaction with little hysteresis.
The resulting monolayers can be readily transferred to a solid substrate with den­
sity continuously tunable from dilute, close-packed to over-packed monolayers of inter­
locking sheets using the Langmuir-Schaeffer method. The resulting deposited films are 
electrically conducting with absolute conductivity controlled by the preparation process. 
Most importantly, unlike similar films prepared using GO the films require no further 
treatment with their electrical conductivity defined by the inter-layer junction resistance. 
Moreover, multi-layer films can be prepared by consecutive layer by layer assembly. The 
study shows that the LS technique is a simple but effective method to prepare macro­
scopic films of pristine graphene with controlled physical properties which is a precursor 
for graphene-based electronic applications.
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Chapter 4 
Silver Nanowire/Graphene Hybrids for 
High Performance Inexpensive 
Transparent Electrodes
4.1 Introduction
ITO is one of the most used materials in applications where there is a need for trans­
parent and conductive thin films, due to its low sheet resistance (Rs ~  100 H/sq) and high 
transmittance ( r  >90%) [1]. However, ITO suffers from several important drawbacks, 
such as high cost, brittleness, and the high processing temperatures required [2, 3]. Alter­
natively, CNTs and graphene have recently been used successfully in several applications 
such as in Light Emitting Diodes (LED) [4, 5], solar cells [6 ], sensors [7], and most im­
portantly in transparent electrodes [8]. Although these materials show great potential and 
are possibly a low-cost solution for the applications mentioned above, they have not yet 
achieved sheet resistance and transmittance comparable to ITO. Therefore, the search for 
alternative materials for transparent conducting electrodes still needs to be continued [2 , 
8, 9].
AgNWs are another potential candidate to replace ITO [10]. High electrical and ther­
mal conductivities, as well as excellent optical transmittance of AgNW networks make 
them one of the most promising materials to be used as transparent electrodes in op-
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toelectronic applications [8 , 10-12]. Lee et al. [13] has pioneered the development of 
this material. Since then, many groups have reported using AgNWs to produce flexible, 
transparent, and conducting thin films [6 , 8 , 14-17]. There are many techniques available 
to fabricate AgNWs such as vacuum filtration [10], LB [18], drop casting [13, 15, 19], 
Meyer-rod-coating [15, 20] and spray deposition [8 , 9, 21].
Previously Groep and co-workers produced AgNW thin films by vacuum filtering 
aqueous dispersions of AgNWs onto a cellulose membrane achieving T of 85% and Rs, 
of 13 n/sq. [14]. More recently, Hu et al. reported the use of the Meyer rod coating 
technique to produce AgNW thin films with T = 80% and Rs = 20 H/sq [20]. Scardaci et 
al. reported large-scale deposition of AgNWs with spray coating. They showed T = 90% 
and Rs = 50 H/sq for their deposited films [9, 21]. When one compares the results of all of 
these studies a key conclusion is that regardless of the preparation methods, the resulting 
morphology in terms of nanowire density, the type of nanowire used and the inter-wires 
junction characteristics were crucial parameters. And there are directly affect the optical 
and electrical conductivity of the resulting thin films.
In transparent conductor research, it is critical to compare the performance of new 
materials against known standards. Transparent conducting materials are generally com­
pared using figures of merit (FolVI) [22]. A FoM is determined by comparing the trans­
mittance to the electrical conductivity and relates how they are affected by the physical 
properties of the electrode. The optical properties of a thin film can be analysed using the 
Lambert-Beer law which relates optical transmittance to the thickness of the material:
T = e~^^ (4.1)
Where a  is the absorption coefficient and t is the film thickness. For a bulk-like metal 
system it is well recognised that the optical transmittance can be directly related to the 
electrical properties of the material as light transmission is determined by the interaction 
of impinging photons with the plasmonic states in the metal. Hence the above expression 
can be modified and the T can be directly related to the sheet resistance Rs:
Rs = (4.2)
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Where Odc,b is the DC conductivity of a thick (bulk-like) network. It is also possible to 
write Equation 4.1 independently of t to relate the optical and electrical characteristics of 
the material independently of the thickness:
T = (4.3)
However in nanostructured transparent conductors, where the electrode material is 
no longer considered as a homogeneous bulk material but rather a connected network of 
particles [21-23], the following Equation (Equation 4.4) is used to calculate T\
r  =  (l +  ^ O 0 P?) (4.4)
where Zq= 377 Q. is the impedance of free space, and Gop is the conductivity of such a net­
work in the presence of an alternating electric field (optical conductivity) [23]. Equation 
4.4 can be rewritten to directly relate T and Rs\
r  =  ( i  +  5 ^ ^ )  " (4.5)
2R s Gd c ,b
Surprisingly when one approaches the monolayer limit and the electrode structures are 
very thin the networks tend to have sheet resistances considerably higher than predicted 
by equation 4.2. This is because, for thin networks, the DC conductivity is no longer 
thickness independent but follows a percolation-like thickness dependence [9]. According 
to percolation-like behaviour, Odc°^  (t — u)”, where t is the estimated thickness of the 
network, U is the minimum thickness required to form the first conducting path, and n
is the percolation exponent. This leads to a new relationship between T and Rs which
applies to very thin, transparent networks.
Where H is the percolative FoM:
^ D C , B
n  =  2[ „]m  (4.7)
^^min^OP
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Here, tmin is the thickness below which the DC conductivity becomes thickness depen­
dent and n  is a dimensionless number. It is clear from analysis of the above expression 
4.7 that large values of H give low Rs coupled with high T. Hence a high value of H but 
low values of n are desirable to achieve low Resistance coupled with high transmittance 
[9, 21]. Thus achieving the highest value for the ratio of optical conductivity to electrical 
conductivity is a driving goal in producing functional electrodes.
Although AgNW networks demonstrate comparable electrical conductivity and op­
tical transmittance to ITO thin films, some challenges remain, such as reducing wire 
junction resistance, eliminating parasitic lateral current flow which is due to gaps be­
tween silver nanowires. Moreover, mechanical robustness and flexibility of the AgNW 
thin films need to improve [24]. Additionally, AgNWs are currently very expensive 
$5/mg) and their adhesion to most substrates is poor [8 ]. Another disadvantage relates to 
issues with chemical stability. AgNWs can easily oxidize by exposing to air and water 
for an extended period of time which results in the marked increase in the Rs and in­
creased haze of the film [25]. In order to reduce junction resistance between wires and 
consequently achieve high electrical conductivity, heat treatment is usually required [16]. 
However, such temperature treatments is likely to damage certain substrates, which is not 
desirable as well as being an expensive post-fabrication process [15,16, 26].
While numerous studies have investigated AgNWs and graphene individually as trans­
parent conductors, little research has been done on the hybrid systems of AgNWs/graphene. 
Recently, Yun et al. [27] made a layered system of AgNW networks and GO to make a 
flexible thin film with a transmittance of 8 6 % and a sheet resistance of 150 O/sq, by 
thermal annealing at 150 °C. Zhang et al. also fabricated AgNW films coated with a 
GO layer by spin-coating [16]. They have shown that both the electrical conductivity 
and the chemical stability of AgNW were enhanced after being coated with a GO layer. 
Their GO-coated NW film remained stable upon heating to temperatures up to 275°C. 
Another hybrid system was made by Kholmanov et al. [28], with a goal of minimizing 
the influence of the line defects and the line disruptions of graphene grown by CVD. 
Subsequently, a hybrid system has been made by spin coating AgNW dispersions from 
Isopropyl Alcohol (IPA) on the graphene film. They obtained a Rs of 64 ±  6.1 O/sq
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and T of 93.6 %. This experiment employed high quality graphene which is expensive 
to produce and is hardly scalable using traditional CVD processes. In another study, Ahn 
et al. [25] prepared AgNW/graphene hybrid transparent electrode by dip-coating reduced 
graphene oxide onto the AgNW film. In a recent report by Chen et al. [29] they have 
shown a hybrid system of CVD grown graphene intimately wrapped around AgNWs by 
depositing both on the bottom and top sides of the network. In their study they were suc­
cessful in reducing the graphene Rs from 770 to 22 ÇI /sq with T about 8 8 %. They have 
also demonstrated that hybrid films with graphene on the bottom of AgNWs networks is 
not effective and moreover that markedly low Rs is achievable in an inverted structure, 
where the SLG is on top of the AgNW network [29]. All the above studies suggest that 
there is potential for using hybrid systems of nanowires and graphene to produce func­
tional hybrid structures. Although, in each case there are fundamental limitations. Most 
of the work has been relied on graphene grown by CVD. This is an expensive process that 
requires high-temperature growth followed by complicated post processing. Moreover, 
as of today, there are major issues in the realisation of CVD as an up scalable process to 
produce high quality graphene in commercially viable quantities.
In the following section, a novel and inexpensive method for making AgNW/graphene 
hybrid materials will be described. To move away from using CVD grown graphene as an 
active material in the electrode a process was introduced that is solution processable that 
is scalable. A two stage process was used whereby the initial step involves the spray de­
position of AgNWs on glass as a function of density. This was followed by the deposition 
of liquid exfoliated graphene using the novel Langmuir-Schaefer deposition methodol­
ogy. The selected adsorption of individual graphene flakes at nanowire junctions or as 
bridges between nanowires results in a markedly reduced resistance in the resulting elec­
trode structures. The novel approach described should lead to the development of cheaper 
electrode structures.
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4.2 Experimental Method
AgNWs were purchased from Seashell technologies as suspensions in IPA. The initial 
solution concentration was 20 mg/ml and was diluted down with IPA to the final con­
centration of 0.2 mg/ml as described elsewhere [9, 21]. The diluted solutions were bath 
sonicated in an ice bath for 30 min using the sweep mode. Figure 4.1 shows a photograph 
of a vial containing a typical dispersion of AgNWs in IPA. Due to the nano-scale dimen­
sions and aspect ratio of the individual wires visible light undergoes appreciable elastic 
scattering which is indicated by the opaque quality of the dispersion. The dispersions are 
stable for extended periods with no appreciable sedimentation witnessed over days.
Figure 4.1: A photograph of the nanowire dispersion
4.2.1 Spray Deposition
Initially, AgNW films were sprayed down manually onto clean glass substrates. The
cleaning procedure is the same as explained in the previous chapter (see Figure 4.2).
Here, three different densities (low, medium and high) were fabricated using the airbrush-
spraying deposition method. Although it is difficult to exactly quantify the exact densities
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in each case, as discussed below their resulting films under each regime can be easily 
distinguished by the resulting electrical properties. The deposition pressure was in the 
range of 30-50 psi. However, for the optimum system (section(4.4.7)) a fully automated 
spraying technique was used to deposit AgNW on to glass substrate.
contro
Figure 4.2: Our spray system comprises an airbrush (Harder & Steenbeck GmbH), which 
is vertically mounted onto a controlled plate, movable in x and y directions.
4.2.2 Welding process
In order to reduce wire-wire junction resistance and to improve the conductivity of 
the produced films the sprayed film were annealed in the vacuum oven at ~1()0° C for 10 
hours. Although this is well below the melting temperature for bulk Ag, due to the high 
surface area of the nanowires, surface sintering occurs which allows for local welding.
4.2.3 Langmuir-Schaefer Deposition of Graphene
Finally, in order to make hybrid systems, Langmuir films of liquid exfoliated graphene 
dispersion in a chloroform/NMP mixture (15 ml) was spread onto the water subphase
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(ultra-pure Millipore water with an electrical resistance of 18 MH) with a microliter sy­
ringe utilizing a drop-by-drop deposition technique. The surface tension is determined 
by suspending a Wilhelmy paper plate that is completely wetted by water, and measuring 
the downward force on it during compression of the monolayer by moving two opposing 
barriers towards each other at the speed of 15 cm^/min. Thin films of graphene were then 
transferred onto glass substrates by LS horizontal deposition technique. The pressure- 
area isotherms were obtained after 10 min so as to let the remaining solvent evaporate. 
Initially graphene was deposited onto AgNW networks (prepared at the different densi­
ties) formed at two different surface pressures (H) (15, 25 mNm“ )^ using the transfer 
speed of 3 mm/min. In order to analyse the effect of graphene deposition at very low 
graphene densities the procedure was modified slightly. In this modified approach, the 
graphene Langmuir film were prepared at lower IT (5 , 3 , 1 and 0 mNm“ )^ followed by 
three compression and expansion cycles at barrier speed of 15 cm^/min. Subsequently 
the graphene film were deposited onto prefabricated AgNWs films prepared with three 
different densities (low, medium and high).
4.3 Characterization
The surface morphologies of AgNWs, annealed AgNWs and the hybrid films of 
AgNW s/graphene were observed by, SEM, AFM, c-AFM, and optical microscopy. In 
addition, the effect of welding as well as graphene deposition on electrical and optical 
properties was studied by current-voltage (I-V) measurements as well as UV-Vis spec­
troscopy, All results were compared to the initial characteristics of the pristine AgNW 
films.
LS deposition of graphene was performed by using a commercial NIMA deposition 
trough (NIMA technology, model 612D). AFM topographic analysis of AgNWs as well 
as the hybrid film of AgNW/graphene films was performed in a semi-contact mode using 
NT-MDT AFM (Moscow, Russia). The AFM probes used (NT-MDT) had an average 
spring constant of 11.8  N.m“ ^
The I-V characteristics were obtained using a standard two-probe technique (Keithley
81
W  CHAPTER 4. SILVER NANOWIRE/GRAPHENE HYBRIDS FOR HIGH
PERFORMANCE INEXPENSIVE TRANSPARENT ELECTRODES
Model 4200). Silver paint was applied at the edges of the rectangular glass substrates 
with a conductive film on top (see Figure 4.3). Four different samples were prepared 
for each individual experiment and the values reported are the average values. Optical 
transmission spectra were obtained using a Carry 5000 spectrometer.
AgNWs
Glass substrate
Contact
Figure 4.3; Schematic diagram of the sample with contacts
4.4 Results and Discussion
4.4.1 Spray Deposition of AgNW
The spray deposition of AgNW requires careful optimization of the process and in­
volves controlling the concentration of AgNWs in the dispersion, spray deposition pres­
sure, flow rate, scan speed, distance from the substrate, and substrate temperature [9, 21]. 
AgNW in IPA dispersions were used and sprayed down with the same method as de­
scribed in the previous section, with three different densities (low, medium and high). In 
order to make a AgNW conductive network, wires have to form a continuous percolating 
network and large scale aggregation needs to be avoided. This can be controlled not only 
by the number of spray repetitions but also by the solution concentration [9]. Here the de­
sired network density (low, medium and high) was achieved by a variation in the number 
of layers of NWs. Figure 4.4a shows a SEM of low density AgNW networks (high T), 
obtained by two layer deposition. Figure 4.4b shows 3 to 4 layers deposition, while Figure
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4.4c shows the network with many layers deposited resulting in a low T (more than 5). 
The insulating glass substrates appear as black areas due to charging and low secondary 
electron emission from these regions, and the conductive NW networks correspondingly 
appear white. As the film thickness was increased, networks became denser, and as a 
result the substrate is less visible in the micrographs. It is evident that the uniformity of 
network improves with increasing density of the AgNW networks [15].
Low Medium
m
Figure 4.4: SEM images of AgNWs arrays with different densities. The numbers of 
deposition layers controls the surface density of silver nanowires.
The mean T versus Rs is plotted in Figure 4.5. As discussed above the relationship 
between the optical and electrical properties of the resulting networks can be analysed in 
terms of two regimes namely the percolative and bulk-like regimes. In the above figure 
the dependence has been fitted to equations 5 and 6  respectively ( dashed and solid lines). 
Lyons et al, have demonstrated similar data for AgNW networks with the transition from 
percolative to bulk occurring at an obvious cross over point. Above Rs = 30 H/sq, the be­
haviour corresponds to the electrical percolation defined process and below Rs = 30 Çl/sq, 
it follows a bulk-like trend. The crossover between these regions occurs for networks with 
r  = 92.5%.
Figure 4.6 shows the experimental results of T versus Rs for sprayed AgNW networks 
prepared using the automated system. Here measured data shows percolative and bulk­
like regimes as expected. The crossover between these regions occurs for networks with T 
= 93%. In the region designated blue the nanowires form a monolayer percolated network. 
In the regime (designated by red) the conductivity is dominated by bulk-like transport. At 
point a, although the conductivity mechanism is transitioning into the bulk regime the
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Figure 4.5: A plot of mean T against Rs for AgNW networks with different network 
densities adapted from Lyons et al.
transmittance is still above 90% making the films viable as electrodes. Obtained results 
show that it is possible to control the T and Rs via the film thickness which makes this 
system desirable for different industrial applications.
4.4.2 Junction Resistance
The Rs in AgNW networks depends on many factors such as the nanowire length, 
nanowire resistance, the junction resistance, and nanowire area density. Junction resis­
tance in AgNW networks can be created as a result of nanowires sitting on each other 
and the possible formation of air gaps determined by intermolecular force separation. 
Moreover, the geometry of the system (i.e one rod has to bend over the other to make 
contact) also affects the Junction resistance (see Figure 4.7). Lee at el. estimated junction 
resistances of about IH for AgNWs with diameters less than 0.3 /rm“ ,^ using computer
generated random meshes, and about 40 ÇÏ for diameters larger than 0.3 /rm“^[13]. Hence,
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Figure 4.6: Mean T, plotted as a function of Rs for the transparent AgNW networks 
studied in this work.
the formation of many parallel connections with the lowest resistance connections domi­
nates the macroscopic resistance. In order to develop a highly conducting AgNW films, 
it is critical to understand the electrical properties of junctions. To measure the Junction 
resistance in the system, as well as to cheek if the current flow exists out of plane as well 
as through it, conductive AFM (c-AEM) measurements were performed.
The main advantage of c-AFM over other methods such as scanning tunneling mi­
croscope (STM) is the ability to correlate electrical transport properties with topography
[31]. The basic principle of c-AEM technique is similar to AFM contact mode. In c- 
AEM a metal-eoated AEM tip acts as one electrode and a conductive substrate or a metal 
electrode on the surface of a substrate is used as the second electrode (see Figure 4.8a)
[32]. In principle, the measurement can be applied in two different configurations. In 
both configurations, the first electrode is the conductive AFM tip and acts as a movable 
electrode. The first configuration, which will call the horizontal configuration, involves
Contact area
AgNWs
Figure 4.7: Schematic image of cross junction contact resistance of AgNW Networks 
figure adopted from [30].
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the film of interest to be deposited on an insulated substrate (see Figure 4.8a). Here the 
measurement is performed by applying a constant voltage between the tip and metal elec­
trode and as a result measuring the generated current flow. The local I-V characteristic 
can then be collected by sweeping the voltage between the tip and the electrode. As each 
measurement can be effectively pixelated with the current being measured at each point 
the measurement results in a map of electrical characteristics as a function of x and y. 
The second method is set up in a vertical configuration regime. In this configuration the 
samples were deposited on conductive substrate which act as the second electrode [31, 
32]. The vertical configuration has the ability to obtain current density - voltage curves 
( J - V curves), which in turn can be used to extract local hole mobilities using a space 
charge limited current model. Carrier mobility can then be extracted by fitting the J  - V 
data to the Mott - Gurney law:
9
J  =  (4.8)
Where J is the current density, 8 is the relative dielectric constant of the active layer, 8q 
is the permittivity of free space, ^  is the charge carrier mobility, V is the applied voltage, 
and L is the thickness of the device [32]. An important application of c-AFM is spreading 
resistance profiling (SRP). SRP is the resistance associated with current crowding near a 
point contact and can be related to the dopant concentration in a material by comparison 
to a calibrated standard [31].
In this work, horizontal c-AFM has been used to probe the local electron transport in 
AgNWs networks. Previously, e-AFM was used by Nirmalraj [33] to examine the depen­
dence of the local junction resistance at junctions on the diameter of constituent SWNTs. 
Figure 4.8b AFM topography and 4.8c spreading resistance microscopy (SRIVI) show typ­
ical images produced for a low-density AgNW network. Here, single pass measurements 
was used whereby both topographical and SRM images are obtained directly and so one 
can easily overlap and confirm that they are from the same nanowire networks. It is in­
teresting to note that as the vast majority of the wires are connected to the network, there 
is direct overlap between the images in (b) and (c) except for a few minor differences. 
However, in a region where a nanowire has been deposited in such a way as to be isolated
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Isolated wire
Figure 4.8: (a) Scheme of a typical c-AFM experiment in which a Au-eoated AEM tip 
is used to probe the generated current in the AgNW networks. AEM images of AgNW 
networks (a) topography; (b) SRM taken of the same section of film are shown. It is 
interesting to note that nanowires that are isolated from the network do not show up in the 
SRM image as highlighted by the dotted rectangle in each image.
from the network while it shows up in the topography image and it is not present in the 
c-AFM image as it would be expected. As it can effectively measure and quantify the 
electrical properties on specific points of an individual nanowires, it is possible to look at 
the change in resistance not only along the nanowire length but more importantly as one 
transitions across a junction.
Figure 4.9 shows SRM images for a localised region of a low density film. It is easy 
to show the change in electrical properties across a junction by following specific path­
ways. For instance, pathway 1 (Figure 4.9a) is traced (relative to the reference electrode)
along a specific wire which is flat against the substrate. One can observe that as the path
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transitions along the wire and through a junction formed with a wire overlapping (and 
sitting) on the wire there is no significant change to the current flow. The current stays 
approximately at 8 nA along the wire. Although there is no apparent change in the elec­
trical properties through the junction, there is a local instability after which it recovers to 
the original level. Along pathway 2 (Figure 4.9b), the current is reduced as one passes 
through the junction formed by the original nanowire and the second nano wire that over­
laps. The reduction in current is a direct consequence of the formation of the junction and 
the associated junction resistance. The observed change in current of ~  6  nA corresponds 
to the resistance of the NW - NW junction (the current goes from 8 nA to 2 nA).
The results indicate that the electrode resistance is dominated by the resistance of the 
individual cross-junctions, thus finding ways to reduce the resistance of the individual 
junctions would be critical to improving the resistance of the film. Although this is the 
first clear measurement of the effect of junctions on the flow of charge in such networks it 
is difficult to exactly relate the change in current flowing to the resistance of the junction. 
The exact nature of this junction is related to the complicated set of parameters involving 
the tip shape, local curvature of the junction and the effective volume of the air-gap be­
tween the wires among others. This will require a further comprehensive study which is 
beyond the scope of this thesis. However, it is clear that in order to effectively increase the 
performance of macroscopic electrode structures based on such networks, once must find 
a method to not only control but potentially manipulate the characteristics of the junctions 
to produce optimised macroscopic assemblies.
Accordingly, the rest of this section is focused on describing two new methods, that it 
has developed to reduce inter-wire resistance. The first method involves surface anneal­
ing of individual AgNWs in the networks using a low temperature process. The second 
method shows that by depositing graphene in relatively low densities onto the preformed 
nanowire networks using the LS deposition one can effectively enhance the conductivity 
by several orders of magnitude. In particular, the latter process has much promise for the 
fabrication of low cost electrodes which may eventually compete financially with ITO and 
other commercially available transparent electrodes.
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Figure 4.9: Current analysed along wire junction. Here 0.5 V is applied to the sample. 
Local resistance analysis through the individual AgNW presented as pathway 1 (a) and 2
(b).
4.4.3 Effect of Heating on Produced Films (Welding)
Figure 4.10 shows an AFM phase image of AgNW a) before and b) after the annealing 
process. It is clearly visible in Figure 4.10a that if heat is not applied to the film, then as 
expected wires lie on top of each other with a gap in between, and the resulting connec­
tivity between them is poor. However the low temperature annealing process introduces 
melting of the outside layer of connecting wires resulting in them being partly welded 
together (4.10b). This has been observed in other metal nanopartiele systems where one 
can selectively differentiate surface melting from bulk melting depending on the associ­
ated grain size within the particles [11, 30]. By investigating individual line profiles of
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the wire-wire junctions, it is clear that the height of the junction is reduced once they are 
welded together (Figure 4.10), and hence the gap between the wires is eliminated. Fur­
ther analysis of AgNW films was carried out by studying the I-V curve for each individual 
sample before and after annealing the sample.
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Figure 4.10: AFM phase image of AgNW (a) Before and (b) after heating the sample,
(c) current-voltage curves for two different samples before annealing (black) and after 
annealing (red).
Figure 4.10c shows the I-V plot before (black) and after (red) heating for two individ­
ual samples. Results indicate that the resistance drops significantly (from 170 ±  2 H to
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64 ±  0.9 n ) for the annealed sample compared to the not annealed one. Possible explana­
tions for the sheet resistance decrease include; improved junction connection and better 
electrical contact between AgNWs. In addition, the contact between NW to substrates 
could also improve due to heating, which will lead to an improvement in morphology of 
the film. Although thermal annealing of the AgNW sprayed film allows for significant 
progress in reducing the resistivity while maintaining the transparency at an acceptable 
value for applications, high temperature processing (and sometimes even low temperature 
processing) cannot be applied to heat sensitive flexible substrates. For many applications, 
it is important to have a simple and cost effective process while maintaining the excellent 
properties.
4.4.4 Fabrication of Hybrid Films
To fabricate AgNW/graphene hybrids, LS deposition process was used. At first the 
graphene Langmuir films were produced at the the air-water interface with two different 
n  values (15 and 25 mNm“ )^ (see previous chapter for more details). Subsequently, 
the graphene films were deposited onto the prepared sprayed AgNW films. Figure 4.11 
shows the produced isotherm at air-water interface and the deposition pressure used in 
the experiments are marked by the letters (a) and (b) respectively. One can see from the 
isotherm that film (a) is produced in the region where the isotherm resembles the, solid 
phase, while film (b) is produced from the region of the isotherm that resembles the liquid 
phase. Production of hybrids from lower pressure films will be described later in this 
chapter.
Figure 4.12 displays the AgNW/Graphene hybrid film deposited onto three different 
densities of AgNW, low (a, d), medium (b, e) and high (d, f) and two different packing 
densities of graphene, 15 (a, b, c) and 25 mNm“  ^ (e, d, f). Here the graphene
surface pressure was controlled by following the pressure area isotherm (see Chapter 3) 
for more details). The images indicate that the graphene flakes preferentially cover the 
AgNW junctions regardless of the density of AgNWs. For example the change in Figure 
4.12a show similar junction coverage compare to Figure 4.12b. This may be because the 
junctions are at a higher elevation than the individual wires lying fiat on the substrate and
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Figure 4.11: A typical surface pressure-pressure area curve (H-A) for a graphene mono­
layer. In the beginning, with the barriers most apart, the monolayer is in the gaseous phase 
and more compression forces the monolayer into the liquid phase. Finally, with further 
compression the monolayer goes to solid phase. The LS films were taken at Surface 
pressure (a) 25 (b) 15 mNm~^
hence they are the first point of contact for the individual graphene flakes. The graphene 
affinity for the metal nanowires is markedly higher than with the glass substrate. As 
the figure indicates, graphene flakes cover NWs junctions as a function of their network 
density in low (a, d) and medium (b, e) AgNW networks, however at high density AgNW 
networks (c, f) the thickness of the film changes and AgNWs on the surface prevent the 
flakes from penetrating inside the layers.
To look more closely at how the graphene flakes are covering the junction, 3D AFM 
topography was performed on the cross-junction. Figure 4.13a is a representative 3D 
AFM height image, which was done on the low-density AgNW with the graphene de­
posited at a pressure 15 mNm“ *. As the figure shows, the graphene flakes are wrapping 
intimately around the junctions (marked with a dotted square). These results indicate 
that there is better contact between AgNW and graphene. Also it indicates that the Junc­
tion resistance is reduced due to compression of AgNW into a more planén structure by 
graphene force (see Figure 4.13b). Several previous studies have shown that there is a
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Figure 4.12: AEM images of LS graphene film at pressure of 15 (a, b, c) and 25 (d, e, f) 
mNm“  ^ on films of sprayed sliver nanowires at three different density of AgNW, low (a 
,d) medium (b, e) and high (e, f).
relatively strong electronic interaction between graphene and metal substrates at the in­
terface. This will be discussed further in the next section.
For further investigation of this phenomenon, SEM microscopy has been performed.
Figure 4.14 shows SEM images with increasing AgNW film thickness (a) low, (b) medium 
and (c) high. Graphene monolayers are transferred at surface pressures equal to 25 
mNm“ * on the AgNW film with different densities. It can be seen from these SEM 
images that the image with relatively high transmittance (see Figure 4.14a) has sparse 
networks however many graphene flakes are deposited on the glass substrate. The black 
background can be associated with the substrate even with deposited graphene present.
As a consequence, it is insulated and charging effects are evident. However the AgNW 
networks covered with graphene (especially on junctions), show brighter colour than bare 
NWs, indicating the lower resistance at the junctions.
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Figure 4.13: (a) AEM topography image of graphene on AgNW networks, (b) 3D height 
image of graphene flakes covering the cross wire junction of AgNW
4.4.5 Analysis of the Kelvin Probe Force Microscopy
As stated above, previous experiments using X-Ray Photoelectron spectroscopy have 
indicated that there is a large electronic interaction between graphene adsorbed on a metal 
at the interface. The resultant electronic doping (p- or n- type) will depend on the relative 
differences between the work functions of the metal and the graphene. Modifications to 
the workfunction can be locally analysed using Kelvin Probe Force Microscopy (KPFM). 
KPEM is a type of scanning probe microscopy (SPM) where an AC voltage is applied 
to measure the local contact potential difference (CPD) between a conductive tip and a 
conductive sample. This technique measures the work function difference, 0^ = ^pwhe - 
eVcPD, where O5 and ^p,obe are work functions of the surface and probe, respectively, and 
VcPD is the contact potential difference directly measured by KPEM. The main advantage
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Figure 4.14: SEM images of LS graphene transferred at surface pressure of 25 mNm~^ 
on a film of sprayed AgNWs at various densities of AgNW networks. The number of 
deposited layers controls the surface density of AgNWs.
of KPEM over c-AFM is that in KPEM there is no contact between tip and the sample also 
no charges are injected during the measurement [34].
Although a free standing monolayer of graphene has a 0-bandgap energy and a vanish­
ing density of states at the Eermi energy, due to the unusual electronic structure associated 
with the chemical structure, the valence and conduction bands overlap as conical points 
(Dirac) and the dispersion is approximately linear. However, when graphene is adsorbed 
on a metal interface it has been shown both experimentally and computationally that the 
electronic properties can be altered [35]. This is partieularly relevant for adsorption onto 
transition metals as the effect varies hugely depending on the type of metal used. The 
extent of the interaction is primarily determined by the work function and the chemical 
interaction between the graphene lattice and the surface of the metal. For instance, in 
strongly interacting systems such as monolayer graphene grown on cobalt, the electronic 
modification is governed by a chemisorption process. Density functional theory calcu­
lations have recently shown that the Co dopes the graphene by 0.1 eV per carbon atom. 
For a system which has a weaker interaction such as Cu, Al and An, the doping levels are 
smaller and estimated to be ~  0.04 eV per carbon atom [35].
The sign and amount of doping can be deduced from the differences of the metal and 
graphene workfunctions as well as the distances apart at the interface. For AgNW at an 
equilibrium distance of 0.33 nm, the doping levels are calculated to be 0.043 eV per car­
bon atom. As the work function of the metal (4.92 eV) is higher than for freestanding
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graphene (4.48 eV), it is expected that the graphene will undergo n-type doping. Using 
KPFM, one can determine the local contact potential difference which can be directly re­
lated to the local workfunction as described above. It is also a clear way of differentiating 
graphene adsorbed at metal junctions from graphene adsorbed on the glass substrate in the 
samples. Figure 4.15 displays topographic and corresponding phase and surface potential 
mapping of a typical low density hybrid film. Here KPFM has been used to determine the 
surface potential difference between NWs and graphene. The results demonstrate that by 
depositing graphene on AgNWs there is a clear change in the measured contact potential 
which can be directly related to the modification of the Fermi level position relative to the 
vacuum for both materials. The variation in contact potential difference is clearer when 
a line profile is plotted from KPFM data across a junction between metal and adsorbed 
graphene (see Figure 4.15c). This line profile demonstrates significant variation between 
graphene and NWs in the respective surface potential. This relates well to the discus­
sion of resistance modification at junctions. When graphene is adsorbed at such junctions 
the inter-tube resistance is modified and thus may explain why the overall macroscopic 
conductivity is increased in the hybrid films.
In order to investigate the effect of graphene, on the NW-NWs cross-junctions, the 
I-V characteristics before and after graphene deposition have been obtained. The repre­
sentative I-V characteristic for the hybrid film with medium density of AgNWs and fl (25 
mNm“ )^ of graphene is shown in Figure 4.16a. As it can be seen the slope of the I-V 
curve increases appreciably when graphene is present.
The change in resistance after graphene deposition as a function of initial resistance 
of pristine AgNW films is plotted in Figure 4.16b. As the plot reveals the change is 
more significant for the lower density networks of AgNWs and the smallest change is 
observed for the highest density networks. The reason for this is that the high density 
AgNW films contain multiple layers of AgNWs and therefore their surface layer will pre­
vent the graphene flakes from penetrating through to the inside layers. In-plain thickness 
will cause less junction coverage, hence the number of junctions covered by graphene at 
pressure 15 and 25 mNw“  ^has only been calculated for low and medium density AgNW 
film using AFM height images. Figure 4.17 shows representative AFM height images for
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Figure 4.15: (a) AFM topographic image of hybrid film; (b) the corresponding phase 
image; (c) contact potential difference and cross section through the contact potential 
difference image; (d) 3D representation of the experimental KPFM image of magnified 
area within the red dotted frame highlighted in image c.
the low density AgNW networks with graphene deposited at pressure 15 mNm~^ Here 
covered and uncovered junctions were marked by dotted squares.
precentage of nanowire junctions covered by graphene
low density Medium density
Pressure 15mNm * 44.3% 55%
Pressure 25mNm~^ 78% 89%
Table 1 Percentage of cross-junction covered with graphene to the entire junction.
4.4.6 Optical Transmission
Reducing the resistance by itself is an encouraging progress point but it is important 
for application purposes to achieve a high conductivity together with high transparency. 
The percentage change in T of hybrid films in relation to pristine nanowire networks has
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Figure 4.16: (a) Current-voltage (I-V) measurement of medium density AgNWs sprayed 
film (black) and AgNWs/Graphene film (red) deposited at pressure 25 mNm"^ (b) Per­
centage change in Resistance after applying LS at 15 (red) and 25 (blue)mNm"'^ against 
the initial resistance (D) for spray AgNW films.
been calculated for each sample and the average change can be seen in Table 2. The 
results indicate that as the graphene deposition pressure is increased the transmittance 
is reduced considerably. For example, low density AgNW-low density graphene hybrid 
shows ~100% drop in resistance from Mfl to KD while its transparency is reduced from 
92% to 75% which maybe deleterious for potential applications where transparent elec­
trodes are needed.
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Figure 4.17: Representative AFM image of low density spray coated AgNWs after LS 
at pressure 15 mNm“ ^ The image shows the junctions and the covered junctions which 
were marked.
percentage change in T{%)
Pressure 5mNm"^ 6-7%
Pressure 15mNm“ ^ 8-9%
Pressure 25mNm“ ^ 12-15%
Table 2 Percentage change in optical transparency for each sample after applying LS at 
pressure 5, 15 and 25 mNm~K
4.4.7 Compression-Expansion Hysteresis Cycles
In order to improve the transparency of the hybrids further experiments were carried
out that involved using lower deposition pressures and isotherm cycling. This is explained
below. As described in the previous chapter, if the graphene is deposited at a surface
pressure of 5 mNm" ^ or below the surface coverage is only ~20%, and graphene flakes
are present in the form of loosely connected islands. As indicated above high deposition
pressure is required to achieve better coverage of junctions. However, there is another
way of achieving higher surface coverage at low H by introducing an additional step to
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Figure 4.18: Threshold optical microscope images using ImajeJ software red are covered 
area and black is silicone substrate.
the LS process, which is cycling (subsequent compression and rarefaction of a graphene 
monolayer at the air-water interface). It is thought that such a cycling procedure will force 
the small graphene islands to homogeneously distribute resulting in more uniform surface 
coverage while not adversely affecting the film morphology. Similar results have been 
demonstrated previously with CNTs [36].
In order to examine the effect of cycling on surface coverage, a graphene monolayer 
was formed at the air-water interface at 11 = 0  mNm~^ and then deposited on a silicon 
substrate and investigated using optical microscopy. Cycling was performed three times 
and the resulting distribution of flakes was analysed using optical microscopy. Graphene 
deposited on silicon can be easily deciphered due to the relatively large difference in 
refractive index between the two materials. Cycling produces obvious changes in rel­
ative surface coverage. Image! software was used to estimate the area coverage after 
processing. Thresholded optical microscopy images are shown in Figure 4.18. The calcu­
lated average area coverage after cycling is 47.2± 1.36 % which is significantly higher 
in comparison to what was observed for a single compression experiment (see previous 
chapter for more details). Graphene was deposited onto AgNW films of various densi­
ties at n  ranging from 0-5 mNm"' and three compression-expansion cycles as shown in 
Figure 4.19.
Sheet resistance as well as optical transmittance for each sample were obtained and
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Figure 4.19: Pressure area isotherm for pressure 1 and 3 mNm k Each sample has been 
cycled 3 times
compared with those of the initial samples before the graphene layer had been added. 
As the results in Figure 4.20 indicate, once graphene is present on AgNW networks, the 
resistivity of system will drop significantly, with only a slight drop in optical transmit­
tance occurring. It was found that the highest improvement in Rs was seen for the H = 3 
mN77z“ ^ However, the T of this sample was still not sufficient for the transparent elec­
trodes applications. It has been observed that if the II = 0 mNm“  ^ was used the Rs drops 
significantly, but the change in transmittance is minimal (<5%) as can be seen in Figure 
4.20b.
Figure 4.20c shows the relationship between the optical transmission and sheet resis­
tance for each sample before (black) and after (red) LS deposition. The figure shows the 
hybrids films (red) follow the same percolation regime as the AgNW networks (black). 
Results also indicated that by depositing graphene on AgNW networks a strong shift to­
wards lower resistance will occur. However, there is a shift toward the lower resistance 
for all the samples, and this shift is more noticeable for highly conductive samples. As 
the figure shows, the major drop measured for higher resistance sample with 13 Mfl/sq 
resistance and 98% transparency which dropped to 615 H/sq. Judging from these results, 
it can be concluded that deposition of a graphene thin layer even at very low surface
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Figure 4.20: (a) Optical transmittance of AgNWs (black) and AgNW s/graphene (red) 
versus wavelength and illumination time. The plot shows the total transmittance including 
the glass substrate (about 6 %). (b) Current-voltage traces for a single AgNW sprayed film 
(black) and hybrid film (red), (c) T% against sheer resistance for spray AgNWs before 
and after applying LS layer of graphene.
pressure will considerably affect sheet resistance of the system by covering the junction.
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4.5 Conclusion and Outlook
In this chapter, a spray coated AgNW with controlled density of NW has been made 
and the resistance and optical transmission has been measured. Two different processes 
were applied to reduce the junction resistance. First, the effect of welding on AgNW 
sprayed film was measured and then AgNW/graphene hybrid films were prepared.
In the welding process, the produced film has been placed in an oven at 100°C for 10 
hours. Results indicate that heating the sample will lead to higher electrical conductivity 
with higher transparency, but temperature treatment is not always desired in many elec­
tronic applications. Then, a LS layer of graphene at different surface pressures (15 and 
25 mNm“ )^ has been transferred to the sprayed films and resistance along with optical 
transparency have been measured for each sample before and after LS layer and has been 
compared. A drop in resistance has been noticed in all samples but the drop was more 
noticeable for lower density samples where there is a much higher associated resistance 
in the spray-coated samples. The transparency slightly decreased for graphene deposited 
at low surface pressure < 5 mNm“ .^ However, the reduction in transparency was sig­
nificantly higher at transferred LS at surface pressure of 25 mNm“  ^ (12 to 15 %). In 
order to find the optimum process, the graphene flakes were transferred at low surface 
pressures with three repeated compression-expansion cycles in the system. The produced 
films exhibited a low Rs of 625 Q/sq , with high T of 94 % and with good repeatability. 
The optimised films have comparable properties to commercial ITO; thus contain signif­
icantly lower quantities of AgNWs in comparison to films made of pristine AgNWs with 
the same properties. This indicates that these graphene/nanowire hybrid films may serve 
as a cost-effective replacement for existing technologies in electronic devices.
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Chapter 5 
Controlled Anisotropy in Carbon 
Nanotube Monolayer Prepared Using 
the Langmuir-Blodgett Technique
5.1 Introduction
SWNTs show great promise for a variety of potential applications in many fields due 
to their great properties such as, remarkable mechanical properties and high electrical and 
thermal conductivity [1]. Such applications include photonics and photovoltaic [2], sen­
sors [3-5], and energy storage systems [6-12]. However, despite the great potential, poor 
solubility of SWNT in either water or typical solvents without the use of surfactants has 
hindered most practical applications [13]. Individual SWNTs have a strong tendency to 
form bundles and aggregate together because of their high surface area and strong van 
der Waals forces between them [14]. Studies have demonstrated that the solubilisation 
of SWNTs can be greatly enhanced by non-covalent functionalized adhesion of small 
molecules and polymer wrapping [12]. Previously, Dalton et al. [15] proposed that the 
morphology of CNTs in organic solvent is affected by wrapping them with conjugated 
polymer such as, PmPV. They speculated that this happens because of van der Waals 
interaction, analogous to J-aggregate stacking of aromatic systems between the benzene 
rings of the polymer and the hexagonal lattice structure of the nanotubes [12]. They also
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demonstrated that the choice of solvent is the most important parameter, since the inter- 
molecular interactions can be controlled by changing the polarity of the solvent [12]. 
Coleman and co-workers have asserted that the ideal situation for the dispersion of nan­
otubes would be to find a good solvent where the free energy of mixing is negative, i.e. the 
solution is thermodynamically stable. They have suggested that NMP and N, N-dimethyl 
formamide (DMF) are particularly suitable solvent for this [16-18]. Research groups 
around the world use the process with differing methodologies, in order to produce high 
quality ultrathin-hlms. Several methods have been reported for SWNTs deposition such 
as; spraying ethanol dispersion of SWNTs onto substrates [19], spin coating [20], solution 
casting [21], vacuum filtration [22, 23], layer-by-layer assembly [24], LB and LS assem­
bly [18]. Langmuir deposition techniques are particularly suitable choice for developing 
such films. Li et al. [18] reported that aligned homogeneous LB film of SWNTs films on 
various substrates such as glass, silicon wafers, and flexible polymer. Giancane et al. [25] 
also reported highly organized structure of CNT bundles on various substrates by the LB 
method and demonstrated their application as photocathodes in a photo-electro-chemical 
cell. Most recently, Kim et al. [26] have shown a good control of packing density and 
alignment by combining the two methods of soft lithography and LB into a new patterning 
technique. The goal of the experiments described in this chapter was to form thin films 
of SWNTs/PmPV in DCE using LB technique. Certain LB method parameters such as 
monolayer pressure, barrier speed, number of Langmuir cycles and deposition speed were 
controlled to produce and control alignment and packing density in SWNTs/PmPV thin 
film [11]. The novelty of this project is to precisely control the SWNTs/PmPV density 
within the film, which could facilitate the fabrication of controlled functional assemblies 
and lead to many new applications of SWNT thin films.
5.2 Methodology
5.2.1 Preparing the SWNTs Suspension
Purified HiPco-SWNTs and PmPV were purchased from Unidym and Sigma-Aldrich 
respectively. Initially, 0.2 mg of PmPV was weighed and placed in a sample vial. Then
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20 ml of DCE (Sigma-Aldrich) were introduced into the sample using a micro-pipette 
to ensure exact amounts. The produced samples were sonicated at a power level of 10 
Watts (Fisher scientific FB1501) in an ice-cold water bath for 15 minutes. In the next 
step the suspended were mixed with PmPV/DCE solution, the mixing ratio of SWNTs to 
PmPV were 1 to 2. The SWNTs/PmPV solution was diluted down to several different 
concentrations using the DCE with concentrations ranging from 0.09 to 0.04 mg/ml (see 
Figure 5.1). The SWNTs/PmPV in suspension was sonicated for another 30 minutes to 
help separate the SWNTs and to allow the PmPV to bind to the nanotubes.
Figure 5.1: Photographic image of suspension with different concentrations
5.2.2 Preparing the Langmuir Film
To remove any excess PmPV, 100 ml of SWNTs/PmPV solution with concentration of 
0.05 mg/ml was then filtered through Teflon filter paper (PTFE). The Teflon filter paper 
with the SWNT was placed in 100 ml of DCE and further bath-sonicated for 30 minutes 
to yield the final solution. Figure 5.2a shows the filtration setup. In order to form the 
monolayer at the air/water interface, the prepared solution was spread by a microliter 
syringe, drop by drop at room temperature (-  ^21 oC). Surface tension (II) was measured 
using Wilhelmy filter plates and a micro-balance (see Figure 5.2b). The plate must be 
completely wetted prior to the measurement to ensure that the contact angle between the 
plate and the liquid is zero. Spontaneous spreading will continue until the surface pressure 
of the monolayer is equal to the equilibrium spreading pressure. In this work 10 ml of 
solution were spread on the water subphase [27].
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Wlhefmy plate
Figure 5.2: (a) Polymer filtration setup, (b) Image of a Langmuir trough with the micro 
balance and Wilhelmy plate surface pressure sensor.
The procedure of making PmPV/SWNTs solutions was described in the above sec­
tion. The pressure-area isotherms were obtained after 15 minutes of waiting time to let 
the remaining solvent entirely evaporate. The organic solvent (DCE) evaporated after ap­
proximately 10-15 min. To obtain the desired pressure against area (H-A isotherm), the 
surface tension was monitored within the compression process of the monolayer by mov­
ing two opposing barriers towards each other (Figure 5.20), with a barrier compression 
speed of 15 cm^/min.
A vertical deposition method (LB) was used to deposit the films. The deposition was 
performed with a speed of 1 mm/min. The trough, substrates and other apparatus must 
be kept as clean as possible. The cleaning process of the substrate consisted of rinsing it 
thoroughly with deionised water followed by sonication in deionised water for 5 minutes, 
and then repeating those steps with Isopropyl alcohol (IPA) in place of water. The quality 
of the Langmuir films will depend on the initial cleaning conditions. For LB deposition, 
the substrate had to be placed inside the water subphase prior to the monolayer spreading. 
Therefore, hydrophilic substrates were used. In order to make the substrates hydrophilic, 
they were UV/Ozone treated for 30 min in a commercial UV/Ozone cleaner (Ultra-Violet 
Products PR-100) [28]. In order to perform the SEM and optical transmission studies, 
both glass and silicon wafers were used as the substrates. During the deposition the
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surface pressure of the spread film was controlled to stay at zero mNm“ ^
5.2.3 Characterization Techniques
UV-Vis was performed on each individual concentration of SWNTs/ PmPV in DCE 
using carry 5000 UV-Vis spectrometer, at a wavelength range of 300 nm- 900nm with 
quartz cuvette, 1 mm path length. In order to observe the state of nanotube aggrega­
tion within the dispersion solution, spin coated films of each concentration were made 
on silicon at a set spin revolution rate of 25 rpm and time of 20 seconds. Spin-casting 
allows the solvent to dry more quickly and thus prevent re-aggregation of the SWNTs., 
thus mimicking as closely as possible the initial dispersion state of the nanoparticles be­
fore spin-coating. AFM studies were performed on the produced films and the length and 
diameter distribution of the SWNTs/PmPV were measured. The Langmuir films were 
deposited from the ready-made SWNTs/PmPV solution by using a commercial NIMA 
deposition trough (NIMA technology, model 6I2D). The morphologies of the prepared 
LB films were characterized using SEM and AFM, as well as polarized Raman spec­
troscopy. Raman spectra were obtained using a NT-MDT NTEGRA spectrometer with 
an inverted microscope and a lOOx objective lens. Here a polarized light source (632 nm 
HeNe laser) was used during the Raman scattering experiment. This type of measurement 
effectively measures the degree of alignment of the nanotubes along a particular axis of 
the sample as the absorption (and hence efficiency of the Raman scattering process) of 
photons in extremely anisotropic coupling strongly along the axis of the nanotube versus 
perpendicular. Samples of SWNTs LB film were excited with the red line (1.96 eV) of 
a helium-neon [He-Ne] laser. To determine the degree of nanotube alignment, polarized 
Raman spectra were captured using a half wave-plate to rotate the polarization of the in­
cident beam. The samples were rotated from 0 to 90 degrees relative to the polarizer for 
measuring relative alignment. In order to measure the conductivity of the films, sets of 
gold contacts were evaporated onto the LB films. I-V measurements were implemented 
on each individual sample using a standard two-probe measurement (Keithley 4200). The 
conductivity of thin film with different film densities was investigated. In order to mea­
sure the optical transparency of the films, UV-Vis spectroscopy of each LB sample was
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also performed using a Carry 5000 instrument.
5.3 Results and Discussion
5.3.1 Controlling the Aggregation State of the CNTs by Polymer Wrap­
ping
UV-Vis absorption spectroscopy was employed to demonstrate the dispersibility of 
SWNTs/PmPV in the solvents. SWNTs tend to aggregate into large ropes or bundles 
due to their relatively high surface energy and strong van der Waals interaction [17, 29]. 
PmPV was the selected polymer as it has been shown as been effective at encapsulating 
SWNTs. The PmPV wraps around the SWNTs in a helical manner and after sonication 
it has been reported to be effective at isolating individual nanotubes. The polymer allows 
the SWNTs to be placed in solution within a solvent matrix which is essential to being 
able to create LB films.
This subsection will focus on the dispersion of SWNTs/PmPV in DCE. For de-bundling 
the nanotubes, the concentration diluted by reducing the ratio of nanotube to PmPV/DCE 
solution. Isolated SWNTs in the suspension absorb light proportionally to concentra­
tion, but upon aggregation, the SWNTs extinction coefficient diminishes, making the 
absorbance disproportional to the concentration of the SWNTs. To find the optimal con­
centration in which the SWNTs are individual or in small bundles, and to demonstrate the 
dispersibility of SWNTs/PmPV in DCE, UV-Vis was performed on each concentration of 
SWNTs/PmPV in DCE. Figure5.3 shows the absorption, normalized to SWNTs/PmPV 
concentration, against the wavelength (nm) for each concentration from 0.04 to 0.09 
mg/ml. The absorbance at the wavelength of 660 nm (Agôo) was measured over the con­
centration range examined and divided by the cuvette length, 1, to give Aggo/l. Aeeo/l was 
plotted against concentration before and after centrifugation. Figure 5.3 (inset), shows the 
extinction coefficient for the PmPV/SWNTs dispersions at various concentrations and re­
veals the concentration at which the onset of bundling occurs. In the concentration region 
just above 0.05 mg/ml, the nanotubes show a distinct drop in extinction coefficient, and
this signifying that SWNTs are beginning to aggregate.
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Figure 5.3: UV-Vis absorption spectra of PmPV/SWNTs (normalised to initial concen­
tration peaks) in chloroform. Inset: the extinction coefficient for the PmPV/SWNTs dis­
persions against the concentrations.
AFM studies were performed on each sample; drops from different dilutions were 
deposited on a clean silicon substrate by spin-casting and dried at 60 C in a vacuum 
oven. Figure 5.4 shows AFM images of approximately 40 nanotubes at the highest (0.09 
mg/ml) and lowest (0.04 mg/ml) concentration. The SWNTs at the concentration of 0.09 
mg/ml wee typically found to have lengths ranging from 0.4 to 1.2 jjm, with diameters 
ranging from 0.25 to 2.5 nm. This is an indication of existing both de-bundled and bundled 
states. Diluting the dispersion to 0.04 mg/ml helped decrease the bundle size to 0.5 - 
1.4 nm long and with diameters ranging from 0.25 to 0.8 /^m (see Figure 5.5), which 
indicates a dispersion of individually suspended nanotubes and small bundles. Figure 5.6 
shows the variation in NTs length and diameter for 0.04 and 0.09 mg/ml concentration. 
The concentration of 0.04 mg/ml shows a high presence of SWNTs with large average 
lengths compared to the 0.09 mg/ml concentration. It can be seen that there are less 
bundle NTs at the concentration at 0.04 mg/ml. AFM images show that SWNTs bundle
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Figure 5.4: AFM height images for SWNTs/PmPV at concentrations of (a) 0.04 and (b) 
0.09 mg/ml.
diameters decrease with SWNTs concentration and very small bundles were found at 
lower concentrations. However, a lower ratio of SWNTs to PmPV increases free PmPV 
in solution. The lower-concentration solutions must therefore be filtered through Teflon 
to remove any excess PmPV.
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Figure 5.5: Typical AFM height profile of the a SWNTs/PmPV NT from the solution 
deposited onto a mica substrate along the line drawn across the image (inset) used for the 
determination of nanotube diameter
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Figure 5.6: Length versus diameter of the SWNTs for 0.04 mg/mL and 0.09 mg/ml.
5.4 Langmuir Monolayers of PmPV/SWNTs Solution
5.4.1 The Pressure-Area Isotherm
This section is based on making Langmuir films of PmPV/SWNTs solution by means 
of the LB technique. As mentioned in chapter 2, an insoluble monolayer is usually char­
acterized in terms of its surface pressure-area curve (H-A), representing the relation be­
tween the surface pressure observed and the area occupied on a liquid surface by the 
molecules of the film [27]. Figure 5.7 shows a typical surface pressure-area isotherm 
at room temperature (~21 °C), a H-A isotherm was obtained after spreading 10 ml of 
SWNTs/PmPV in DCE solution on the water subphase, with a concentration of 0.04 
mg/ml of SWNTs/PmPV. The pressure-area isotherm is characterized by a steep rise in 
pressure when moving towards a reduced areas (see Figure 5.7), this indicates that a stable 
and condensed layer of SWNTs/PmPV was formed on the water surface. A gradual in­
crease in the surface pressure curve was recorded as the barrier was closed and the curve
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has started rising from 450 cirp- onwards. As shown in Figure 5.7, when the isotherm 
reached a pressure 23 mNm~^ further reduction in the area resulted in a a collapse of 
the him resulting in out-of-plane structures forming. A few distinct turning points were 
observed on the isotherm plot as the monolayer entered the condensed phase, rehecting 
different types of interactions of the single layers (gas, liquid and solid Phases).
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Figure 5.7: Pressure-area (H-A) isotherm of SWNTs/PmPV on pure water. The isotherm 
reached pressure 23 m/Vm~^
Figure 5.8 shows an optical micrograph of the Langmuir monolayer formed at the 
water-air interface. Following the formation of SWNTs/PmPV monolayer thin hlms were 
transferred to a glass or silicone substrate. Deposition could start from any of the mono­
layer states (gas, liquid and solid) [27, 30], molecular organization depends on the surface 
pressure at which the transfer happens.
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Figure 5.8: Formation of Langmuir monolayer of SWNTs/PmPV at water-air interface.
5.4.2 AFM and SEM Microscopies Investigation
The packing density of the SWNTs at air/water interface can be controlled by com­
pressing the two barriers toward each other and reducing the trough area while monitoring 
the surface pressure using the Wilhelmy plate method. After compression at different sur­
face pressures, monolayers are vertically transferred onto solid substrates.
Figure 5.9 shows the SEM images of the thin films of SWNTs/PmPV at 4 different 
surface pressures. The pressures at which the films were made are marked with corre­
sponding letters on area-pressure isotherm. Figure 5.9a shows SEM micrographs of the 
initial gas phase at surface pressure of FI = 0 m N m "\ where the surface pressure essen­
tially remained constant during compression. As can be seen from this image, even at 
such a low pressure the SWNTs form an interconnected network. However, there is very 
little overlap between adjacent SWNTs along their lengths. The surface pressure rose 
slightly at liquid phase when the second LB film (Figure 5.9b) was formed at a pressure 
of 10 mNm~K Here the film shows a better-connected network with less space between 
SWNTs. The SWNTs started to form a closely-packed film at solid phase with a pressure
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Figure 5.9: The resulting SEM images of LB films at the 4 different surface pressure 5, 
10, 15 and 20 mNm“ * respectively. The images show a LB assembly of SWNTs with a 
tuneable density.
15 mNm~^ (Eigure 5.9c). IT = 20 mNm“  ^ is where the film is forming a highly dense net­
works (Eigure 5.9d) and the gaps between SWNTs become too small. This precise control 
of density is one of the big advantages of this method and could facilitate the fabrication 
of functional assemblies and lead to many new applications for such thin films.
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Figure 5.10: (a) AFM line profile of highly dense film at II = 20 mNmm .^ (b) Corre­
sponding AFM topography image
One of the principal advantages of the methods used in this work to make LB over 
other techniques for thin-hlm fabrication is the capability of uniformly controlling the 
film thickness over large areas. Here the AEM images shows an average thickness of ~  6 
- 7 nm for all of the samples (see Figure 5.10).
5.4.3 Electrical Properties of the Films
Electrical characterization of the LB films is needed to explore the possible novel ap­
plications in electronics that are made possible by the high level of control over orientation 
and placement of molecules allowed by the LB method. There are two configurations for 
deposition of contacts. The first one involves the deposition of an electrode electrode on 
the substrate first followed by the film, while the second configuration involves deposit­
ing the electrode directly onto the LB prepared monolayer on glass (see Figure 5.11). 
Sputtering or thermal evaporation were used to synthesize the electrodes on which the 
CNT layers were deposited for electrical characterization. Figure 5.12 shows SEM im­
ages of PmPV/SWNTs monolayer deposited by the LB technique on a silicon oxide wafer 
with patterned Au electrodes. Silicon oxide was chosen because of its superb insulating 
properties to minimize the influence of the substrate on the measured I-V characteris­
tics of the films. A dense network of SWNTs was deposited on the silicon oxide wafer.
The SWNTs networks covered the area between the electrodes and were well connected
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Figure 5.12: SEM images of as produced LB films on silicon oxide substrate with gold 
deposited electrode.
to edges of the electrodes (see Figure 5.12). The resulting film resistances measured ap­
peared unusually high compare to the results reported by Li et al[l 8 ] which suggested that 
there was an issue with homogeneous connectivity of the film to the electrode structure 
during device fabrication. Hence, it was decided to use a top contact instead throughout 
for further studies. As such, the LB films were made on glass substrates and the con-
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Figure 5.13: The schematic configuration of the provided device.
tacts were deposited by thermal evaporation of gold on top (see Figure 5.13). In order 
to increase the reliability of the electrical measurements, several gold electrodes (8 mm 
length with 4 mm spacing distance) were deposited on each sample. The measurement 
is repeated between each consecutive pair of electrodes and the resulting data points are 
collected and used to reliably calculate the electrical properties of the sample.
5.5 Current-Voltage Characteristics
Electrical measurements were carried out to characterize the LB films with a con­
ventional two-probe method. LB devices were studied by measuring the current density 
versus voltage (-10 to 10 V). The observed results show a linear dependence of current 
upon voltage for all the samples, indicating Ohmic behaviour (see Figure 5.14). More­
over, the identical results obtained from different electrode pairs on different parts of the 
film show that the conductivity values obtained result from the electrical properties of the 
organic molecules in the LB array and not heavily influenced by the contact resistance.
5.5.1 Junction Resistance
Garrett et al. [31] measured modelling impedance properties of the SWNT and they 
have shown circuit model consisting of two Voigt elements in series corresponds well with 
the nature of conduction through junctions and bundles (see Figure 5.15). They also have 
shown higher resistance Voigt element for the junctions 3.3±0.3 (times higher), where
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Figure 5.14: Current versus voltage characteristic (-10 to 10 V) for a film at pressure 2.5 
and 8 mNm~^ showing Ohmic behaviour.
conduction is dominated by granular-metal type tunnelling, than the bundle resistance, 
where the charges are strongly localized [31]. Geometrical scaling arguments have also 
shown that the conductivity, Odc, of disordered nanotube films scales linearly with the 
number density of network junctions. In another study Nirmalraj et al. used c-AFM to 
measure the NT-NTs junction resistance. They have shown the junction resistance of 
^180 kO between the bundle and the single tube [32]. They have also demonstrated that 
the junction resistance is strongly dependent on the size of the interconnecting bundles.
0
Figure 5.15: (a) Schematic of SWNTs junction’s resistance in nanotube, (b) Equivalent 
circuit model of the SWNT networks with parallel Rl, Cl elements describing electrical 
properties of the junctions, and R2, C2 elements modeling the nanotube bundles.
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5.5.2 Percolation Study of Produced Films
Percolation theory deals with the effect of varying, in a random system, the number 
of interconnections present. Percolation studies are critical to understanding the electri­
cal behaviour of the thin films in this study. In this chapter, the interconnections are the 
SWNTs. For electrical percolation studies, several samples were made at different points 
on the pressure area isotherm curve. Identical sets of contacts were deposited on each 
sample, and the resistance between each consecutive pair of electrodes was measured and 
plotted against the surface pressure used during the formation of the film which is propor­
tional to density of nanotubes per area of the film. Figure 5.16 shows the thresholded AFM 
images using ImagJ software. Since the film’s transmittance is strongly dependent on the 
film density, it is essential to calculate the surface coverage at each different pressure. 
Figure 5.16 shows that at higher densities which are formed at greater surface pressures, 
the SWNTs better overlap, thereby increasing the occurrences at which junctions overlap 
and reduce resistance.
It is also evident from the data in Figure 5.16 that there is a critical pressure value, 
beyond which the NTs form percolation networks. The best-fitting curve to the data using 
percolation-type power law scaling is shown in Figure 5.16e yielding a critical exponent 
n = 4.26, a conductivity coefficient Gq = 489 Sm“  ^ and a formation of the percolative 
network at Sc = 37% respectively. By comparing these results with graphene, it seems 
that the percolation threshold is markedly higher. Although it is not entirely clear why 
this should be the case. It is likely that the presence of PmPV facilitates ordering of 
NTs into mesoscopic low aspect ratio structures, which is evidenced by AFM and SEM 
analysis. In the case, the percolation threshold would be increased towards the value we 
extrapolate from the curve.
5.5.3 Optical Properties
Optical transparencies of each sample were measured using UV-Vis spectroscopy and
absorption plotted against wavelength is shown in Figure 5.17 for each pressure.
Figure 5.18 shows T (%) for wavelength 350-650 nm and indicate the transmission at
550 nm for highly packed SWNTs film is less than 90% making it a good candidate for
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Figure 5.16: (a-d) Thresholded AFM images of LB films as a function of pressure show­
ing the change in packing density (here the black areas show the background while the 
white areas represent the NTs), (e) Conductivity against surface coverage for LB films.
transparent electrode applications in terms of optical transparency.
5.5.4 Multilayer Structures
Figure 5.19 shows SEM images of single layer and double layers of SWNTs at surface 
pressure of 15 mNm~^. The samples imaged here have been deposited on glass substrates. 
The images show that depositing a second layer of SWNTs leads to higher density films.
5.5.5 SWNTs Alignment
There are many methods for the alignment of SWNTs, such as mechanical shearing,
the blown bubble technique [33], and Langmuir-Blodgett [18]. As can be seen in Figure
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Figure 5.17: Photograph for comparison between a clear glass and a highly dense film 
made at pressure of 23 mNm~^.
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Figure 5.18: Transmission against Wavelength for various LB him of SWNTs/PmPV.
5.20, as the barrier are moved closer to the center, the SWNT at the interface begin to 
align themselves perpendicular to the direction of barrier movement. This may be due to 
the fact that SWNTs have relatively large aspect ratio which undergoes shearing during 
densihcation. Also, both the compression and the flow-induced alignment of SWNTs are 
along the same direction, which would enhance the orientation. Moreover, performing
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Figure 5.19: SEM image of one and two layer LB film of SWNTs/PmPV
more compression expansion cycles can improve this effect. In the present experiments, 
the LB cycling technique has been used and the optimum alignment occurs at a surface 
pressure of 20 mNm~^ after applying (~10) several isothermal cycles. Eigure 5.20 shows 
the schematic image of compression and expansion of the Langmuir barrier.
Eigure 5.21 shows LB film of SWNTs/PmPV, transferred after applying 10 isotherm 
cycles. As the (a) AEM and (b) SEM images show, highly packed arrays of NTs aligned 
perpendicular to the direction of movement of the barrier appear over a large area.
The 3D AEM image shown in Eigure 5.22 illustrates the visual appearance of the
Compression
swifn»/p»Tipy
/  LwgmtWr,
'j
Expansion
Figure 5.20: Scheme of a trough and two movable barriers for deposition on solid sub­
strates
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Figure 5.21: (a, b) AEM topography and SEM (c, d) images of the visually appear more 
aligned SWNT films at lower (a, c) and higher (b, d) magnification levels.
aligned SWNTs within the film. In addition to the information provided by AEM and 
SEM, polarized Raman spectroscopy was used to measure the degree of SWNTs align­
ment in each of the LB films (Eigure 5.23b).
5.5.6 Raman Spectroscopy of Carbon Nanotube
Carbon nanotubes exhibit high Raman intensities because their extended ti-electron 
structures allow for extensive electron delocalization over the surface of the nanotube 
thereby increasing molecular polarizabilty. This makes Raman spectroscopy an extremely 
useful technique for the study of vibrational and rotational modes as well as the structures 
of SWNTs. Raman spectroscopy is a particularly powerful tool for observing spectro­
scopic features which provide information for low frequency modes of phonons, the pri-
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Figure 5.22: 3D AEM height image of the most highly aligned film
mary symmetry classification of carbon nanotubes is as either being achiral (symmorphic) 
or chiral (non-symmorphic). The Chiral tubes show six Raman optical modes (2Alg, 
2Elg, 2E2g), whereas achiral tubes display only three modes, whether they are zigzag or 
armchair (E2g, Alg, Elg) [10, 35].
According to these modes, there are three Raman frequency characteristic regions, 
high frequency, which is usually greater than 1500 cm~^, medium frequency, approxi­
mately between 500 cm~^ and 1500 cm“ \  and low frequency, which is less than 500 
c/Tz” ^ The center of the Radial breathing mode (RBM) peaks usually appear in wave 
numbers around 200 cm~^[36].
Lower frequency region
In the following section, lower frequency regions 100 - 350 cm "') will be dis­
cussed, as it is within these regions that RBM peaks appear which is corresponds to radial 
expansion-contraction of the SWNTs. The intensities of the peaks are dependent upon 
the properties of the tube i.e. whether it is zigzag, armchair or chiral. The diameter of the 
tube is an influencing factor as well. The frequency of RBM is inversely proportional to 
a diameter of tube.
Medium frequency regions
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In intermediate regions (~  500-1500 the frequency response is dependent on
handedness and the peaks are inconsequential; they do not produce Raman spectral fea­
tures of any interest. In theory at frequency (~  1200-1500 cm~^) there should not be any 
Raman modes, however experimental results show armchair tubes to have low intensity 
peaks in this regions.
D mode
Single crystals of graphite show one distinct line at 1375 cm~^, called the D mode 
peaks. This mode has the same origin as the graphite sheet and can be found in both 
graphite and SWNTs. However, the D mode of SWNTs show some additional features to 
those of graphite sheets; it is found in a smaller frequency region than SWNTs’ spectra 
and with lower laser energies, and the intensity of this D mode increases linearly with 
decreasing graphite crystallite size as well as decreasing with increasing laser energy 
(shifting at a rate between 38 to 68  cm“ VeV with laser energy) [10]This last aspect of 
SWNTs is related to the symmetry and one dimensional band structure.
Higher frequency regions
SWNTs’ lattices are split into the two sub-lattices, which contain A and B atoms 
respectively [10]. In A lg modes, these two regions are out of phase, in other words 
they move in opposite directions, whereas at low frequency the movement is in the same 
direction. The E2g mode usually appears around 1582 cm~^ and is out of phase and 
has the same origin as the E2g Raman active mode of graphite [11]. Finally, E lg has 
a frequency response of ~  1585 cm~^. As the Elg and E2g modes have a comparable 
frequency response, it is difficult to discriminate them experimentally.
G band in graphite and SWNTs
Compared to other modes, the G band in the high frequency region is mostly related 
to the graphite sheets. This section explains the difference between G bands in graphite 
sheets and the corresponding tangential mode in SWNTs which bears the same name. 
Graphene sheets usually exhibit 9 vibrational Raman-active and infrared-active modes. 
The G-band in pristine graphite is preceded by one single Lorentzian peak at 1579 cm“ .^ 
This peak is involved with an optical phonon mode between the two dissimilar carbon 
atoms in its lattice [11]. This peak usually dominates the high frequency region in the
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Raman spectrum.
Although the Raman spectrum of the SWNTs, especially in regard to the G band is 
very similar to graphite, the Raman spectrum of SWNTs possesses two distinguishing 
peaks resulting from carbon displacements parallel and perpendicular to the tube axis. 
These peaks result from the symmetry-breaking effect and phonon wave vector confine­
ment along its circumferential direction. These peaks are usually labeled as G+ and G-, 
where G- is located near 1570 cm~^ and can be depicted at the lower frequency compared 
with G+ (~  1590 cm~^). G+ shows very little diameter dependency and is strongly associ­
ated with carbon atom displacement along the length of the tube whereas G- is associated 
with oscillation of carbon atoms around the edge lending a heavy radial dependency. The 
G- feature band is largely dependent on the electrical properties of the tube [whether they 
are metallic nanotubes, which exhibit both the Breit-Wigner-Fano (BWF) and Lorentzian 
lineshapes; or semiconducting nanotubes, which display only Lorentzian lineshape [9, 
37]. This difference is due to the fact that the direction of the out-of-phase motion differs 
in zigzag and armchair nanotubes [11, 38].
G’ mode
G’ band feature is a high frequency peak dedicated to both graphite and SWNTs. 
These peaks arise from the second order Raman scattering process. For bundles of tubes 
in a high-quality sample, the intensity of this peak could be comparable with G band 
peaks. This peak usually appears around 2700 cm~^, smaller peaks usually occur around 
2450 cm“ .^ This small peak is a non-dispersive second order phonon peak and it is much 
weaker than the 2700 cm~^ peak.
5.5.7 Polarized Raman Spectroscopy
The polarized Raman spectra of aligned LB SWNTs/PmPV film are shown in Figure 
5.23. Figure 5.23a schematically shows the relative orientation of the polarized laser beam 
and the individual nanotubes within a 3-dimensional reference frame. The measurement 
is therefore carried out as the polarization of the laser beam (x, y polarization) is rotated 
relative to the NT. The angle between the laser polarization and the z axis (x axis) is rep­
resented by (|)((p). Figure 5.23b shows that the intensity of both the D (1320-1400 cm“ )^
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Figure 5.23: (a) A schematic diagram of the Raman scattering configurations for a NT. 
(b) Polarized Raman spectra of LB film of SWNTs; Intensity of the G band 1590 cm“  ^the 
intensity of G peaks reduces drastically for perpendicular polarization. This measurement 
was performed for the film which has the highest alignment created at a surface pressure 
of 20
and G (1530-1640 cm~^) bands is maximized when the direction of laser polarization is 
parallel to the SWNTs orientation and minimized when it forms a 90 degrees angle with 
this axis. This is due to the sensitivity of the Raman modes of NTs to the orientation of the 
optical electric field with respect to the nanotube axis [39]. As demonstrated by others, 
this relationship can be better explained in terms of angle-dependent resonant enhance­
ment for the SWNTs. Dependence of the intensity of the scattering for perfectly-aligned 
SWNTs for a parallel analyzer is
/((p) oc cos' c^p (5.1)
where (p is the relative angle between the electric field, E, and the nanotube axis. Thus, 
intensity decrease (if the light is polarized perpendicular to the nanotube axis) is due to
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Figure 5.24: I-V curve for the NT before and after alignment.
the depolarization or the antenna effect [40].
Hence, by taking the intensity of the G band along the major axis of the film and 
diving it by the G band intensity perpendicular to the same axis one can obtain a so called 
Raman ratio which is effectively a qualitative indicator or the average alignment of the 
nanotubes in one direction. The calculated ratio is ~  12. This confirms that the carbon 
nanotubes are aligned preferentially along the direction of the closed barrier.
Assuming the resistance of the sample is directly related to number of junctions align­
ing the NTs will reducing the junction as well as the resistance of the sample. I-V mea­
surement has been done on the highly aligned samples imaged in figure iso 10 and were 
compared to the samples that have been prepared without cycling LB film at pressure 
20mNm~K As the Eigure 5.24 shows a significant reduction in overall resistance, R, 
of the highly packed films from 2.28 x 10  ^ to 7.75 x due to mimimization of
junctions and junctions overlaps.
5.5.8 Collapse Mechanism
Compressing a two-dimensional (2D) film past its stability limit means that the film 
collapses into a three dimensional structure [41]. Eurther barrier compression (H 50 
mNm"Q will cause the film to collapse as indicated in Eigure 5.25. The results indi­
cate that the CNTs are resistant to forming multi-layered structures which are usually
132
CHAPTER 5. CONTROLLED ANISOTROPY IN CARBON NANOTUBE
MONOLAYER PREPARED USING THE LANGMUIR-BLODGETT TECHNIQUE
expected to form in a LB type experiment assembly. After the formation of the close pack 
monolayer, further compression will cause formation of some black, rod- like long folds. 
The rods first appear near the moving barriers due to the higher pressure build-up close 
to barriers. Eurther pressure caused by compressing the barriers, increases the number 
of these macroscopic wires and gradually expand them to the center of the trough. As 
Figure 5.25b displays, these macroscopic wires are aligned along the barrier direction. 
Similar phenomena have previously happened to the graphene thin film (Chapter 3). Fig­
ure 5.25b shows optical micrographs of the wires formed on the water-air interface. For 
further study, the wires were transferred to a silicon substrate and AFM and SEM mi­
croscopy were performed on them. AEM height image of the wires is shown in Eigure
%
Figure 5.25: (a) AFM image of the collapsed film on a glass surface; (b) Optical image 
of trough at air water interface; (c-d) SEM images of the collapsed film on a silicon wafer.
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W-
Figure 5.26: SEM image of hollow micro-wires.
5.25a. The AFM image reveals the structure of the wires consist of bundles of nanotubes. 
The structure of the micro-rods was studied by SEM. Eigure 5.25c-d presents the typical 
SEM images of the produced micro-wires. It has been found that some micro-wires are 
hollow (see Eigure 5.26). Such structures may have a range of further applications that 
we have not yet conceived. For instance, they could be used in microfluidics, building 
blocks in tissue scaffolds or as enhanced optical waveguides.
5.6 Conclusions
Preparation of LB films from HiPCo-SWNTs mixed with PmPV in DCE solvent has 
been demonstrated. UV-Vis spectroscopy and AEM analyses were used to find the best 
concentration at which the solution was stable and the SWNTs remained exfoliated or 
in small bundles with little aggregation in solution for extended periods of time. fl-A 
isotherms obtained at the air-water interface while using the Langmuir trough indicated 
that the SWNTs/PmPV solution had good surface spreading properties. LB films were 
prepared at different surface pressures to study the effect of surface pressure on the pack­
ing and density of SWNTs within the resulting thin films. The produced LB films were
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examined by AEM and SEM. The obtained images confirmed that the packing density 
could be precisely controlled by varying surface pressure. I-V characteristics of the films 
obtained at different surface pressures were investigated. Percolation conductivity was 
systematically addressed as a function of surface tension. Highly aligned films were 
produced by varying extensional parameters such as the number of compression cycles. 
Degrees of SWNT alignment within the films were determined through polarized Ra­
man. These results show dependence of the G and D band intensities as a function of the 
measured angle, between the polarization alignment of the excitation laser and aligned 
SWNTs. Two and three layer film were produced and characterized. In summation, a 
variety LB techniques can be employed in the fabrication of SWNT thin films to optimize 
the resulting electrical and optical properties thereby demonstrating the potential of such 
films in novel applications, including solar cells, touch screens, etc.
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Chapter 6
Summary and Future Perspectives
6.1 Summary
The main objective of the present work was to produce LS and LB assemblies of car­
bon nanostructured materials to be used as transparent electrodes. The produced films 
have shown a level of optical (T) and electrical properties (Rs) comparable to the existing 
commercial ITO thin films. As reviewed in Chapter 1, making transparent thin films out 
of ITO involves several challenges. ITO degrades over time, has low fracture resistance 
(when the substrate is bent), is brittle, can lose functionality when flexed and requires 
high temperature processing [1-3]. Additionally, the material is expensive due to the lim­
ited quantities of indium metal and the high demand of pure indium [4]. Thus, future 
transparent electrodes will require flexible, transparent and conductive materials that can 
be produced at low temperature and over large areas at low cost. Chapter 2 described the 
materials, techniques and instruments used in this work.
Chapter 3 showed a successful LS-based fabrication of thin films of pristine graphene. 
The suspension used had been made of liquid-phase exfoliated graphene in NMP and 
chloroform mixtures. In order to control the transparency and electrical conductivity of 
the resulting thin films, many parameters within the technique were precisely controlled, 
such as the solution concentration and spreading volume, as well as the barrier and trans­
ferring speed. The produced monolayers were transferred vertically to the solid substrates
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at different surface pressures with a tuneable density. The resulting deposited films were 
electrically conducting, having absolute conductivities controlled by the preparation pro­
cess. The highest conductivity for a single-layer thin film of graphene obtained by LS, 
was ~  19 S.m“  ^ with T = 85%, which was expectedly low compared to the intrinsic 
conductivity of the individual graphene flakes. The conductivity of the films was further 
enhanced by increasing the number of layers; however, the transparency was sacrificed. 
Repetitive stamping of the substrate on the floating monolayer were performed and the 
results showed bi-layers and triple-layered films deposited at the highest surface pressure 
of ~  40 mNm“  ^yield a conductivity of ~  30 Sm~^ and ~  65 Sm~^, respectively.
The relationship between conductivity and surface coverage was plotted to understand 
the percolation behavior of the networked system. The best-fitting curve to the data us­
ing percolation-type power law scaling was obtained yielding a critical exponent of n = 
8.95, a conductivity coefficient Gq = 46 Sm“  ^and a formation of the percolative networks 
at Sc = 9% respectively. The value of the critical exponent is often used to discuss the 
dimensionality of the conductive nanotube networks. While the conductivity coefficient 
compares well with the results obtained by Groep et al. such a high value of the criti­
cal exponent, n, may be associated with the large distribution of junction resistances at 
flake-flake interfaces [5]. The present study has proven that the LS technique is a sim­
ple but effective method to prepare macroscopic films of pristine graphene with controlled 
physical properties which is a precursor for graphene-based electronic applications. Inter­
estingly, the controlled deposition of such conducting assemblies at the air-water interface 
may have a range of applications in their own right without transfer to a substrate. For 
instance, differences in the extent of protonation on either side of water-hydrophobe in­
terfaces are deemed essential to enzymatic catalysis, molecular recognition, bio-energetic 
transduction, and atmospheric aerosol-gas exchanges and could be easily measured using 
our floating graphene electrodes. Another application that these films would be ideally 
suited for is to understand the role the ocean plays in the biochemical cycles of climate- 
modifying gases such as carbon dioxide. The influence of monomolecular films on the 
gas exchange process is essential. The graphene layers could be used as proxies for bio-
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genic slicks which are prevalent to coastal waters and gas exchange rates could be better 
determined by dynamically measuring changes in conductivity which we are currently 
investigating.
Chapter 4 was dedicated to AgNWs/graphene hybrid films and their applications as a 
transparent electrode. The chapter began with producing AgNW films using the spraying 
deposition method. Precise control of AgNW network densities by changing the thickness 
of the films (number of deposition layers) was demonstrated. The optimized film showed 
Rs of about 30 H/sq with T = 92%. A well-known model [6 , 7] was used to relate RS 
and T in the percolation regime. Two methods were applied to reduce the resistivity. In 
the first method, the effect of annealing at low temperature was investigated. The results 
indicate that the Rs drops significantly (from 170±2 ^/sq for the annealed sample com­
pared to 642:0.9 Q/sq for the unannealed. Possible explanations for the sheet resistance 
decrease include improved junction connection meaning better electrical contact being 
made between wires. In addition, the contact between the NWs to the substrates could 
also improve due to heating, leading to an improvement in the morphology of the film by 
reducing the average roughness.
Further, the graphene monolayers were transferred using the LS technique at different 
surface pressures to existing AgNW sprayed films. AFM and SEM micrographs were 
used to look at the AgNW and AgNW/graphene hybrid films; the resistance, Rs, for each 
sample was measured and plotted against the T. The results demonstrated a major drop 
in the Rs of AgNW films by applying graphene accompanied by a small change in T. 
The modification on the physical properties of the film after the graphene deposition is 
indicated by a marked shift to the left for the associated Rs against T curve which is ad­
vantageous for performance as transparent electrodes. This shift is more noticeable for 
samples where the initial AgNW density is low. For such samples, where the initial re­
sistance and transparency are high {Rs of 13 M ^1/sq and T of 98%), the deposition of 
graphene results in the resistance being dropped to 615 H/sq and the transmittance being 
lowered to T = 94%. This method shows the potential to offer a new low-cost approach to
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fabricate high performance transparent electrode. The method could be potentially scaled 
up by using spray deposition to deposit graphene instead of LS technique. Using con­
ductive atomic force microscopy and kelvin probe microscopy, we demonstrate that the 
change in the physical properties of the network can be attributed to the modification of 
junction and inter-wire resistances due to the adsorption of graphene.
The final experimental chapter (Chapter 5) demonstrated the use of the LB technique 
for the fabrication of thin films of single-walled carbon nanotubes (SWNTs) wrapped with 
PmPV in DCE. To disperse the SWNTs in DCE, PmPV was used to function as an interfa­
cial bridge between the SWNTs and the solvent. Initially, Langmuir films were formed at 
the air/water interface with precise control over the relevant parameters, such as the con­
centration and the volume of the spreading solution, as well as the barrier and transference 
speeds. Fabrication was performed vertically (LB) on to glass and silicon substrates re­
spectively. The packing density of the produced films was controlled by transferring the 
Langmuir film at various points of the pressure-area isotherm which modified the result­
ing density. The morphology of the LB films and their structure were investigated by the 
aid of AFM and SEM microscopies. Both AFM and SEM showed that the SWNTs/PmPV 
made interconnected networks even at low surface pressures. Other properties of the pro­
duced films, such as electrical conductivity and optical transparency, were measured. The 
films showed overall T higher than 90%. the percolation threshold was calculate by plot­
ting Rs against surface pressure . LB assemblies of densely aligned SWNTs were also 
achieved by applying isotherm cycling. Polarized Raman studies were used to show the 
degree of SWNT alignment within the films. Raman ratios were achieved by taking the 
intensity of the G band along the major axis of the film and dividing it by the G band inten­
sity perpendicular to the same axis. The calculated Raman ratio is ~  12. This confirms 
that the carbon nanotubes were aligned preferentially along the direction of the closed 
barrier. Electrical properties of the aligned SWNTs/PmPV film were compared with the 
films made of random networks. The results indicated that using aligned NTs led to sig­
nificant reduction in the overall resistance, R, of the highly packed films from 2.28 x 10  ^
to 7.75x10^. The produced LB films could find applications in high-speed transistors.
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The mechanism associated with the collapse of the LB films at high pressures was inves­
tigated. After the formation of a close-pack monolayer, further compression will cause 
the formation of some black, rod- like long folds. The rods first appear near the moving 
barriers due to the higher-pressure build-up close to the barriers. Further pressure caused 
by compressing the barriers increases the number of these macroscopic rods and gradu­
ally facilitate their formation closer to the center of the trough. These macroscopic rods 
were formed parallel to the barriers direction and potentially could be a new method to 
produce macroscopically aligned fibers of carbon nanotubes for different applications.
6.2 Future work/Directions
The reliability and mechanical robustness of the produced films still needs to be ex­
amined. To do so, it would be necessary to deposit the films on flexible substrates such 
as polymer latex. In addition using latex substrates could expand the hybrid film applica­
tions where latex dispersions are used to produce mechanically coherent films. Some of 
these include paints, coatings, adhesives, caulks and sealants etc. An additional next step 
could be the production of electronic devices using laser patterning technology. Working 
with our industrial partners, we have begun looking at the potential for our transparent 
electrodes for application in touch screen products.
Touch screens normally used in smart phone and tablet technologies use capacitive- 
based sensing, whereby modifications to the local field produced when a finger comes 
close to the electrode is converted into an electronic signal in the device. The electrodes 
must therefore be efficiently pixelated. Our initial collaborative studies with the com­
pany indicate that such pixilation can be easily achieved using laser patterning technol­
ogy where local modifications to the electrical properties of our carbon-based films can 
be induced via laser ablation.
Although the work so far has been mostly focused on one possible application, which 
was transparent electrode, the technique developed and the resulting films could be used 
for a variety of applications. Such applications include sensors and biosensors, solar 
cells, and transistor technology. Specifically, the produced LB films of SWNTs have
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potential to be used as electrodes or transducer components in biosensors applications, 
due to their unique electrical and electrochemical properties. Upon exposure to target 
molecules, the threshold voltage of the SWNTs and graphene flakes could shift due to 
charge transfer between the carbon and the bio-molecules, so that target molecules can be 
detected simply by measuring the conductance change. In addition, individual SWNTs 
are extremely sensitive to their surrounding environment.
SWNTs modified with bio-recognition molecules, such as antibodies and DNA, have 
been successfully used to detect various targets. However, as already stated, the electrical 
connection in our LB film of SWNTs/PmPV is dominated by junctions resistances which 
are high due to the mismatch in Fermi levels of nanotubes of different diameters. This 
could be resolved by producing films using nanotubes of one chirality [8].
To summaries, over the last decade there has been a persistent increase in the use of 
devices such as smart phones, electronic books, and LCD / OLED smart TVs. All of these 
disparate devices include a material that is transparent to visible light and yet electrically 
conductive as an essential element in the device stack. Commonly used transparent elec­
trodes are made from ITO, which is expensive due to the relative rarity of indium metal 
and the high energy requirements of the processes involved. In fact, the global cost of 
ITO alone in 2010 has exceeded $3 billion dollars [9]. Those costs are only expected to 
rise in future, as electronic devices find their way into new markets around the world and 
creating higher demand for transparent conductors. Such an increase in costs can create 
an escalating economic burden, especially for the people in poorer countries. In addition, 
the technological dependence on ITO could lead to an increase in the economic and even 
political power of the countries that export indium, over the world economy. According 
to 2 0 1 0  estimates, the top five countries with the largest indium mine reserves hold about 
50% of the world’s known reserves among themselves. The world as a whole can ben­
efit a lot if we could replace ITO with carbon-based transparent conductors, such as the 
materials described in this thesis, which can be cheaper than ITO but offer similar perfor­
mance [10]. This could pave the way towards providing and facilitating access to smart 
communication devices to more people, and could benefit humanity as a whole by facil­
itating communication, education and health services. Until then, all attempts towards
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creating technologies that could lead to making cheap carbon-based electronic devices 
available to the people around world will stay important and any progress on that front 
highly significant.
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